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Biomass represents the largest renewable carbon resource. Chitin extracted 
from the exoskeletons of crustaceans is the world’s second most abundant 
biomass with a global reserve of around 100 billion tons. So far, chitin and its 
derivatives have been extensively studied as functional polymers in many 
fields, but utilization beyond this scope has been scarcely reported. 
The structure of chitin highly resembles that of cellulose except that the –
OH is replaced by –NH2 on C2 position. Due to its structural similarity with 
cellulose and biologically-fixed nitrogen, chitin not only holds great potential 
to complement woody biomass for chemicals but also offers unprecedented 
opportunities to expand the boundaries of bio-based products for N-containing 
compounds. In this thesis, a concept of chitin biorefinery is proposed and 
demonstrated by a series of works including chitin dehydration, oxidation, 
liquefaction, pretreatment, and deacetylation-hydrolysis.  
The first one is chitin dehydration into 3A5AF, by using combined B(OH)3 
additives in ILs or organic solvents (Chapter 3). Under optimal conditions, the 
best yield was 7.5%. The reaction network was plotted with identifications of 
other by-products. Moreover, the study shed light on the B(OH)3-promoted 
chitin conversion by poison tests and NMR analysis. The work is the first one 
to achieve one-step, direct conversion of chitin polymer into a N-containing 
chemical with noticeable yield.  
By utilizing its structural uniqueness, chitin conversion into HAc and 
pyrrole was developed (Chapter 4). Using BM CuO and O2 gas, 38.1% and 
47.9% HAc were obtained from chitin and shrimp shells, in NaOH solution at 
x 
 
300 ˚C. Meanwhile, 6% of pyrrole was formed from chitin by supplying 
ammonia without catalysts at 325 ˚C. This is the first discovery of one-step 
formation of pyrrole from biomass polymers, which may offer a future 
direction for the sustainable synthesis of N-heterocyclic compounds.  
In Chapter 5, the chitin liquefaction was developed in EG by using 8 wt% 
H2SO4. At 75% chitin conversion, the EG-derived amino sugars were obtained 
with a total yield of ~30% at 165 ˚C, including HADP and HAADP. The 
major products could be roughly separated by fractionation. The XRD data 
showed that the crystalline of chitin was destructed after liquefaction, 
suggesting the effectiveness of the process. 
Considering structure rigidity as a major reason for inefficient 
transformation, chitin pretreatment was studied (Chapter 6). A comparative 
and systematic investigation was conducted by using five different 
pretreatment methods. The structure-reactivity correlation was identified by 
testing the pretreated chitin samples in dehydration and liquefaction reactions. 
By ball mill, the 3A5AF yield from BM chitin could reach 28.5%. Meanwhile, 
the liquefaction rate were also accelerated significantly.  
Since ball mill was remarkably effective in chitin pretreatment, a simple and 
solvent-free mechanocatalytic method was established in Chapter 7. The 
combined mechanical and chemical forces intrigued simultaneous 
deacetylation and hydrolysis, which enabled the one-step formation of COS 
and LMWC from chitin rather than the multi-step, conventional processes. 
The DD and MW of the products were tunable by varying the parameters or 
xi 
 
using additives. This new method boasts remarkable advantages from both 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
    The modern society strongly relies on petroleum-derived chemicals and fine 
chemicals in numerous aspects. In the long run, there is an inevitable need to 
search for renewable resources as chemical supplies rather than solely 
depending on fossil fuels. Biomass, usually referring to biological materials 
derived from living organism, represents the greatest natural carbon resource 
that originates from photosynthesis. In addition, biomass materials are usually 
highly functionalized, which make them suitable for the production of 
functionalized chemicals. Among different types of biomass, lignocellulose 
(comprising of cellulose, hemicelluloses and lignin) has currently received 
most attention due to its high abundance and low cost. Lignocellulosic 
biomass has been successfully transformed into a wide range of chemicals 
including alkanes, alcohols, furans, organic acids, aromatics, etc., via different 
processes such as hydrogenation, hydrogenolysis, hydrolysis, dehydration etc., 
demonstrating its great potential in the biorefinery. 
Apart from the land-based lignocellulosic biomass, there is a huge potential 
for ocean-based biomass materials, which has been underestimated for long 
time. Chitin is the second most abundant biomass on earth with global 
reserves of 100 billion tons. In industry, purified chitin is currently 
manufactured from crab or shrimp shells via a cascade process including 
grinding, deproteination, demineralization and decolorization (see Figure 1.1). 
Although the global generation of crustacean shells from fishery industry is 
estimated to be 6 to 8 million tons per year, only a very limited portion is 




unreasonable to consider how to utilize such abundant and cheap renewable 
resource, rather than continue treating it as waste. Chitin, as a major 
component in the shell, has been found applications mainly as functional 
polymers in the areas of pharmaceutical and biomedical industry, while its 
potential to make value-added chemicals is completely unexplored. In this 
thesis, we propose a new concept of chitin biorefinery, in which chitin can be 
converted into a series of value-added chemicals and fine chemicals via 
catalytic processes. This “waste-to-wealth” project will open up new avenues 
for the waste shell utilization and provide alternative ways to synthesize some 
renewable chemicals, which will not only benefit the environment but also 
receive potential economic values.  
 
Figure 1.1 The industrial production of chitin from waste shells. 
 
Chitin inherently carries unique advantages over woody biomass and other 
types of biomass for chemical production. Chitin is a linear polymer 
comprised of NAG monosaccharide units in pyranose ring conformation, 
linked together by β-glycosidic bonds. Sharing similar structure with cellulose, 
chitin has an acetyl amide group at the C2 position, providing 7 wt% 
biologically fixed nitrogen. As such, chitin provides both carbon and nitrogen 
sources for a series of bio-based chemicals, especially N-containing 




N-containing compounds, including a sum of significant chemicals widely 
used in pharmaceuticals, CO2 fixation, textiles and beyond, are crucial for a 
high-standard modern life (examples listed in Figure 1.2). The formation of 
these important chemicals should be fairly considered in sustainable chemistry 
as a part of biomass refinery. The current industrial production of N-containing 
chemicals is non-renewable, energy-intensive and tedious. Taking the 
chemical synthesis of pyrrole as an example (see Figure 1.3), one isolation 
step (N2 from air) and five chemical transformations are required, each of 
which is characterized by high energy consumption, heavy reliance on fossil 
fuels, and low energy efficiency. Indeed, most of the N-containing chemicals 
are presently produced through ammonia synthesis, which is notorious for its 
low reaction efficiency (this single process accounts for 2-3% global energy 
consumption). Therefore, it is highly desirable to develop a simpler, greener 
and more efficient synthetic strategy. Chitin provides such possibilities for 
one-step, sustainable formation of N-containing chemicals and holds the 
chance to revolutionize the current manufacturing patterns. 
    Chitin biorefinery not only complements the current biorefinery scheme, but 
also expands the boundary for new types of chemicals. Chitin biorefinery 
enriches the pool of bio-products by generating N-containing compounds from 
carbohydrates. So far, chitin biorefinery is an untouched and prominent area 
that deserves more research efforts. Due to the structural similarity between 
cellulose and chitin, the novel chemistry developed for cellulose conversion in 
the past decades may be applied in chitin transformation with new challenges 
and insights. We believe that chitin for chemicals will contribute to the field of 






Figure 1.2 Some examples of important N-containing chemicals used in 




Figure 1.3 The flow diagram of pyrrole synthesis from non-renewable 
resources. 
 
1.2 Research objectives 
    The overall objective of this PhD project is to prove the concept of chitin 
biorefinery, with the major focus on developing novel chemical routes to 
transform chitin biomass into different types of valuable chemicals, especially 
N-containing ones. The specific objectives are listed below: 




into a new N-containing furan derivative 3A5AF in one step. A wide 
range of additives/catalysts including B(OH)3, metal chlorides, mineral 
acids and their combinations will be screened. Reactions will be 
attempted in both ILs and organic solvents. Besides, other possible 
new types of chemicals formed in the reaction will be identified by 
combined analytical techniques, which is beneficial to the 
understanding of the reaction network. It is also anticipated to find 
evidence for the promotional effects of B(OH)3 in chitin conversion 
and shed light on the reaction mechanism, by using poison tests and 
NMR (1H, 11B, and 13C) analyses.  
2. The second work is to establish new transformation routes of chitin to 
produce widely-used platform chemicals. HAc and pyrrole are targeted 
to form in alkaline aqueous solution from chitin under subcritical 
condition (250~300 ˚C). Oxidative catalysts will be screened for high 
yield production of HAc and the catalytic cycle will be investigated. 
Moreover, besides purified chitin, direct transformation of crude 
shrimp shell is planned to achieve in this reaction system. The reaction 
pathway will be studied by control experiments, isotope labeling, 
kinetic analysis, etc. In a condition where the nitrogen in chitin is not 
sufficient for the selective formation of pyrrole, an extra nitrogen 
source such as ammonia will be introduced to the reaction system. 
3. The third project also contributes to the development of new reaction 
route for chitin conversion. EG is planned to be employed as both 
solvent and reactant to depolymerize chitin into polyol amine/amides 




amount, temperature, and reaction time will be optimized. The 
obtained products from the reaction between chitin and EG will be 
separated by preparative HPLC and carefully examined by GC-MS and 
NMR analysis. Kinetic studies will be employed to observe the product 
evolution. The influence of EG on the structure of chitin will be 
investigated by XRD and FTIR analyses. 
4. The fourth project is to undertake a systematic study on chitin 
pretreatment. Decreasing the structural robustness of chitin prior to its 
transformation may offer an effective way to improve product yield 
and/or perform the reaction at milder conditions. Different 
pretreatment methods including ball mill grinding, steam explosion, 
alkaline treatment, H3PO4, and IL dissolution/reprecipitation will be 
used whereas the structure of pretreated chitin will be comprehensively 
characterized by a variety of techniques such as XRD, FTIR, BET, 
SEM, GPC, etc. The study will enable direct comparisons among 
chitin and the pretreated samples, and thus the structure–activity 
correlations will be figured out. Chitin pretreatment could provide a 
simple and versatile strategy to enhance the reactivity of chitin and 
thus the product selectivity and yield.  
5. The fifth work exploits a mechanocatalytic, solvent-free method to 
transform chitin into COS and LMWC. The principle is to utilize 
combined mechanical and chemical forces to realize simultaneous 
deacetylation and hydrolysis of chitin. Chitin and the base catalyst will 
be ground together in a ball mill. It is expected that the DD and MW of 




parameters. Besides, the influence of additives (such as salts, water, 
etc.) will be examined in the ball mill process. The purpose of this 
strategy is to considerably reduce the amount of base catalyst, mitigate 
the corrosion/environmental problems and improve the efficiency.  
This PhD project is aimed to explore a new field of chitin biorefinery, which 
will open a new window for sustainable production of chemicals, especially N-
containing compounds. Some novel chemical transformation routes will be 
attempted and established in the thesis to demonstrate the potential and 
feasibility of chitin biorefinery, including the chitin dehydration, oxidation, 
liquefaction, pretreatment and deacetylation-hydrolysis. We hope that the 
investigations and findings obtained here will advance and drive more 
research attentions towards chitin biorefinery as well as waste shell utilization. 
The scope of this thesis is mainly focused on the downstream section of waste 
shell utilization, which is expanding chitin valorization for the production of 
various valuable chemicals. The upstream section, which is to efficiently and 
economically fractionate shells into chitin and other components, is another 
important issue in chitin biorefinery and currently being undertaken in our lab.   
1.3 Thesis outline 
The thesis consists of eight chapters. Chapter 1 gives general background 
information, project objectives and the outline. Chapter 2 reviews the 
literatures on the current status of waste shell utilization and the development 
of chitin conversion into chemicals. Chapter 3 describes the first work on the 
direct transformation of chitin into a N-containing furan derivative, proving 
the concept of chitin biorefinery. Chapter 4 demonstrates the sustainable 




from chitin (even shrimp shell) in unprecedented yields, highlighting the 
superiority of chitin as a starting material for these chemicals. Chapter 5 
further exhibits a simple, low cost and efficient liquefaction method to convert 
chitin into liquefied products such as polyol amides and amines, providing a 
pool of compounds from chitin with better transportability and chemical 
accessibility. Chapter 6 shows a systematic and comparative study on chitin 
pretreatment to identify the structure-reactivity relationship and to improve the 
product yield. After identifying ball mill as the most effective pretreatment 
method to enhance chitin reactivity, Chapter 7 reports a mechanocatalytic 
strategy to transform chitin into COS and LMWC products in one step by 
chemical-assisted ball mill, which is a more environmentally friendly and 
efficient method than the traditional one. Finally, Chapter 8 provides the 




CHAPTER 2  LITERATURE REVIEW 
This chapter presents a summary of relevant papers and works in chitin 
utilization. The chapter can be generally divided into three sections. The first 
section introduces an overview on the major composition and structure of shell 
which is the source of chitin. With the understanding of its structure, the 
second section demonstrates the fractionation methods to separate these 
components in order to obtain purified chitin. The third section briefs the long-
standing valorization of chitin as functional polymers, and finally includes the 
recent pioneering works on chitin transformations into useful chemicals 
including both non-N-containing and N-containing ones via different chemical 
routes since the commencement of this thesis. 
2.1 Shell composition and structure 
Global fishery production, which includes fish, crustaceans, and molluscs, 
reached 158 million tons in 2012.1 Southeast Asia holds a significant share of 
21.7%,2 just behind China, and is predicted to keep its second position in the 
coming decade. With such massive production, tremendous amounts of waste 
will continue to be generated every year. Due to their high shell content, 
crustacean species such as crabs, shrimps and lobsters contribute considerably 
to the generation of bio-waste. For example, the fillet yield of a tuna can reach 
up to 75%, but the meat yield of a crab can reach 30-50% only. The shell, 
which accounts for ca. 60% of the mass, goes to waste. An estimated 6 to 8 
million tons of waste from crustaceans are produced every year, where about 




Crustacean shells have unique components that are distinctively different 
from those in other biomass resources. Although the composition of shells in 
different species varies,3 there are always three essential compounds, namely 
chitin (15-40%), protein (20-40%) and CaCO3 (20-50%)4 together with several 
minor components including lipids, astaxanthin and other minerals. Upon 
fractionation, the major components can be utilized in different fields (see 
Figure 2.1).  
 
Figure 2.1 The major components in crustacean shells and their applications.  
 
Protein is a macromolecule with three-dimensional structures usually 
consisting of one or more polypeptides containing up to 20 different amino 
acid residues. Proteins are easily broken down into amino acids by digestion. 
In general, the percentage of essential amino acids in protein hydrolyzate 
determines the nutritive value of a food protein.5 The amino acid composition 
varies to some extent from species. Among the amino acids constituting the 
Penaeus shrimp shell, glutamic acid is the most abundant (10.9 g/100 g 
protein), followed by lysine, histidine and valine with 6.7, 5.9 and 5.2 g/100 g 




the protein hydrolyzate, demonstrating that the shrimp shell is a nutritious 
protein source as food supplement.7 
As a common substance found in rocks and shells of various organisms, 
CaCO3 has three types of polymorphs in nature, i.e. β-CaCO3 (calcite), λ-
CaCO3 (aragonite), and μ-CaCO3 (vaterite), in the order of increasing stability. 
The three polymorphs can co-exist in several marine organisms. As for shrimp 
shells, calcite takes a major part while aragonite also exists.8 CaCO3 finds 
wide applications in construction, agricultural and medical industry.  
Usually found in fungi, plankton and the exoskeletons of insects and 
crustaceans, chitin plays a supportive and protective role in the cells. The 
chemical structure of chitin is highly similar to cellulose, consisting of NAG 
monosaccharide units as the building blocks linked together by β-glycosidic 
bonds. Chitin occurs in three polymorphs, namely α-, β-, and γ-chitin, which 
differ in the orientation of the polysaccharide chains.8 α-chitin is the most 
abundant one and the major form in crab and shrimp shells. The anti-parallel 
arrangement in α-chitin gives rise to strong hydrogen bonding, high 
crystallinity and high thermodynamic stability.9 The intra-chain hydrogen 
bonds connect C(3′)-OH with O(5), C(6′)-OH with acetamido carbonyl O(7), 
and C(6)-OH with O(6′), respectively, whereas inter-chain hydrogen bonds 
connect NH with acetamido carbonyl O(7′), and C(6′)-OH with O(6), 
respectively (see Figure 2.2). β-chitin possesses a parallel arrangement of the 
chains while γ-chitin has a mixture of the anti-parallel and parallel patterns 
(around two-thirds anti-parallel and one-third parallel), which may be easier to 
transform. Chitin is insoluble in most of the common solvents, and only a few 




deacetylated into water-soluble chitosan which can be dissolved in diluted acid 
aqueous solutions and is the most prominent derivative of chitin.10  
Shrimp shell is a natural composite with a well-defined hierarchical 
organization consisting of highly mineralized chitin-protein fibers arranged in 
certain patterns (see Figure 2.2).11 The cuticle is multi-layered and the 
endocuticle comprises helicoid plywood chitin-protein planes consisted of 
chitin-protein fibers. Initially, it was believed that the protein is not bound to 
chitin by covalent bonds since some of the protein could be extracted using 
mild methods.12 Nevertheless, the existence of covalent chitin-protein linkages 
was claimed when the linkage between polysaccharide and amino acid 
residues were discovered after extensive alkali treatment. Later on, 
crystallographic and electron-microscopic studies confirmed a close 
association of chitin with protein.13 Specifically, a series of long-chain chitin 
are bound to fibrils (3 nm in diameter and 300 nm in length) at the molecular 
level, which are always embedded in a matrix of proteins by covalent bonds, 
hydrogen bonds and molecular interactions, to form fibers (about 60 nm in 
diameter) that further parallel assemble into bundles to form horizontal 
planes.14 These planes are stacked in a helicoid fashion to construct different 
layers. The minerals are mainly in the form of calcite, deposited within the 
chitin–protein matrix. Usually, the deepest layer is non-calcified and densely 
formed by fibers, while the outer layers is a reticulate structure, the free spaces 
of the organic matrix being occupied by the minerals, which takes account for 





Figure 2.2 The composition of the shrimp shell, illustrating the structure and 
spatial arrangement of chitin, protein and minerals in the crustacean shells. 
 
2.2 Fractionation methods  
2.2.1 History and traditional method 
    Shell fractionation stemmed from people’s curiosity for chitin. Chitin was 
discovered in the cell wall of fungi by the French botanist Henri Braconnot in 
1811 after the discovery of a “material particularly resistant to usual chemicals” 
by the English scientist A. Hachett in 1799.8 Henri Braconnot isolated chitin 
by cooking the residue of fungi in alkali water after treatment with H2SO4, and 
named it “fungine”. Independently, French naturalist Odier found the same 
material in insect by similar stepwise chemical methods and named it 
“chitine”. It was not until 1929 that the structure of chitin was recognized by 
Albert Hofmann via hydrolyzing chitin using a crude preparation of the 
enzyme chitinase.16 Investigation on chitin’s applications thrived in the 1930s 
and early 1940s but took a setback for several decades owing to the 




chitin was kick-started in the 1970s, after the introduction of regulation on the 
dumping of untreated shellfish waste into the ocean.17  
    Conventionally, there is a well-established protocol for chitin extraction 
from shellfish waste in the industrial process, comprising demineralization, 
deproteinization, and decoloration steps (see Figure 2.3).7, 18, 19 In addition, 
pigment extraction can be performed, usually set as the first step, to recover 
the high-value astaxanthin. The demineralization process is generally 
performed in the presence of acids such as HCl, HNO3, H2SO4, HAc and FA. 
HCl is the most often employed, with concentration ranges from 0.275 to 2 M, 
processing time between a few hours to two days, and temperature between 
room temperature to 100 ºC. The deproteinization process is usually 
performed by alkali treatment, during which lipids are hydrolyzed and 
removed simultaneously. Typically, 0.1 to 2 M NaOH is used at temperatures 
ranging from 65 to 100 ˚C for 1 to 72 h.20 In fact, the raw chitin product is not 
pure white, but is decolorized via oxidative bleaching to cater commercial 
needs. 
2.2.2 Emerging methods     
    In fact, an effective, low-cost and environmental friendly fractionation 
method is essential for the waste shell refinery as well as chitin biorefinery. 
Unfortunately, this well-established, long-practiced manufacturing protocol is 
destructive, wasteful and environmentally unfriendly. It is also costly because 
of the requirements of corrosive-resisting equipment. Meanwhile, large 
quantities of wastewater are generated imposing extra treatment cost.18  These 
factors lead to the high price of chitin, which in turn restricted the widespread 




methods emerged, which have solved these problems to different levels. These 
novel methods can be roughly classified into solvent extraction methods and 
bioprocessing methods (see Figure 2.3). 
 
Figure 2.3 Flow chart of three major fractionation methods for shells. 
 
    As mentioned, chitin is insoluble in common solvents owing to the strong 
hydrogen bonding between adjacent chains. However, chitin is soluble in 
certain ILs. In fact, some ILs exhibit remarkable ability to dissolve natural 
biomaterials such as cellulose, lignin, wool keratin and silk fibroin, which are 
rich in intermolecular hydrogen bonds.21, 22 The first work on chitin 
dissolution in IL was reported by Xie et al. in 2006,23 in which [BMIm]Cl 
provided a 10 wt% chitin/IL semi-clear and viscous solution at  110 ºC within 
5 h. The addition of MeOH or water led to chitin regeneration. Similarly, 




24 h.24 On the other hand, Wu et al. failed to dissolve chitin in [BMIm]Cl, 
which they attributed to the diversity of chitin related to its origin, MW and 
DA.25 They discovered that [BMIm]Ac could enable 3 to 7 wt% chitin 
solution at 110 ºC. One explanation for chitin dissolution in ILs is that the free 
and strong coordinating anions in IL interact with hydroxyl groups, which 
effectively break the extensive hydrogen-bonding network in chitin, resulting 
in dissolution.  
    The ability of ILs to dissolve chitin has been applied in chitin extraction 
from shellfish waste. In 2010, Qin et al. first used a series of ILs to directly 
extract chitin from shrimp shells in one step.26 After screening and optimizing, 
they reported 73.5 wt% dissolution of shrimp shells (at a loading of 0.4 g 
shrimp shell per 10 g ILs) in [EMIm]Ac within 2 min using microwave 
heating. The dissolved chitin was regenerated as a white floc by adding water. 
Based on viscosity analysis, it was observed that the chitin extracted by 
[EMIm]Ac possessed a higher MW than the commercially available chitin, 
which is reasonable due to the mild process. Besides, they claimed that the 
obtained chitin was of higher purity in view of elemental analyses. However, 
as the chitin content in shrimp shells is no more than 40 wt%, the reported 
73.5 wt% shell weight loss strongly indicated the dissolution of other 
components during IL extraction.  
    The impurity of chitin by IL extraction was confirmed in the following 
study. Setoguchi found that the component of CaCO3 was also dissolved in the 
IL as identified by XRD analysis. To prevent Ca2+ contamination, they 
proposed an additional step of demineralization using citric acid, acting as a 




at 100 ºC for 24 h, followed by centrifugation. Then the supernatant was 
treated with 1.5% (w/v) citric acid aqueous solution for 3 h. The precipitate 
was finally isolated and dried under reduced pressure to yield chitin (7.5 wt% 
of the initial crab shells). The product contained less than 0.1 wt% protein 
residue according to Lowry method.28 The MW was around 2.2×105 Da, while 
the DD was less than 5%. Higher temperature or longer reaction period led to 
a higher yield of chitin with lower MW as well as higher DD value.  
    Bioprocess methods can also be used to purify chitin from the shells. As 
early as 1968, Broussignac et al. reported that deproteination can be achieved 
by some proteases, like trypsin and pepsin, leading to the purified chitin with a 
low level of deacetylation.29 Later on, more types of proteases were 
discovered, including papain (at pH 5.5-6.0 and 37.5 ºC), tuna proteinase (at 
pH 8.6 and 37.5 ˚C), and a bacterial proteinase (at pH 7.0 and 60 ºC) for > 60 
h.30 The residual protein in chitin after enzyme treatments was about 5%. 
Noticeably, Gagne et al. optimized the enzymatic methods using 
chymotrypsin at 40 ºC, pH 8.0, which resulted in 1.3% protein remaining in 
the residue.31 These aforementioned enzymatic methods were conducted after 
the pretreatment with HAc or HCl for demineralization.31 An alternative 
method of using lactic acid fermentation that combines deproteinization and 
demineralization into a single process was developed. After the fermentation, 
water-soluble Ca2+ enriched protein hydrolyzates liquor was generated, which 
is suitable as animal feed supplements. Usually, different types of 
microorganisms and fermentation conditions could lead to the significant 
difference in the deproteinization and demineralization efficiency of shrimp 




5 days at 30 ºC, 77.5% and 61.0% of protein and calcium were removed from 
shrimp shells.32 Using Bacillus subtilis, fermentation for 15 days could remove 
84% protein and 72% minerals.33 Among three proteases producing bacteria, 
namely Pseudomonas aeruginosa, Serratia marcescens, and Bacillus pumilus, 
Pseudomonas aeruginosa provided the highest deproteinization (74.8%) and 
demineralization (78.5%) efficiency.34 A more sophisticated lactic acid 
fermentation method was proposed by Teng et al., where shrimp shells were 
mixed with fungi (Aspergillus niger) in a single reactor. The release of 
proteases by fungi promoted deproteinization, while the hydrolyzed proteins, 
in turn, served as a nitrogen source for fungal growth, contributing to a 
decreasing pH, thereby further enhancing demineralization.33 The product had 
a protein residue of 10-15%, the MW of around 2×105 Da and DDA of 20-
40%. Further improvements were made by Duan et al. where the mineral and 
protein contents were decreased to 0.7% and 7.8% respectively after 48 h 
fermentation using epiphytic Lactobacillus acidophilus SW01 isolated from 
shrimp waste.35 Bioprocess method is environmentally friendly and results in 
chitin with satisfactory purity, however, the period is long and the efficiency is 
low. Progress in shell fractionation is imperative to facilitate the utilization of 
waste shell and reduce the price of chitin as a resource for chemicals.   
2.3 Chitin utilization as functional polymers     
2.3.1 Chitin polymer as functional materials 
During the past decades, chitin and its derivatives have been widely 
investigated as functional polymers in various areas. Their excellent 
biocompatibility, biodegradability, antibacterial activity, etc. have been 




fields, for gene/drug delivery,36, 37 wound dressing,38 bone regeneration,39, 40 
tissue engineering,41, 42 etc. Besides, chitin materials boast a broad range of 
applications in agricultural, food, cosmetic, water treatment, electrochemical, 
ophthalmology areas, etc.43-47 The wide utilization of chitin is achieved 
through chemical modifications such as deacetylation, etherification, 
esterification, cross-linking, and graft copolymerization, after which it could 
be adaptable for different purposes.48-50 Taking it as a simple example, O-
carboxymethyl chitin was obtained by using monochloracetic acid in 
concentrated NaOH solution as a water-soluble alternative, and chitin-graft-
poly(L-lactide) was synthesized for better biocompatibility in drug delivery 
system.  
Another reason for the ample applications of chitin materials is the good 
processability into various macro- and micro-forms such as whiskers, fibers, 
membranes, hydrogels, etc. For instance, chitin nanowhiskers and nanofibers 
are regarded as natural, abundant alternatives for inorganic NPs as fillers for 
polymers. The suspension of chitin nanowhiskers in water can be simply 
obtained via oxidation and mechanical treatment (the image of chitin 
nanowhiskers shown in Figure 2.4a).51 These nanomaterials can reinforce the 
mechanical and other physical properties of polymers.52 On the other hand, 
chitin-based membranes are developed for protein separation53-55 as well as 
chemical separation. Lee’s group reported the pervaporation separation of 
EtOH and water by using chitosan/polyethersulfone composite membranes,56 
and Huang’s group displayed the separation of ethylene glycol and water 
using chitosan/polysulfone composite membrane. Moreover, chitin hydrogel 




synthesized magnetic cellulose/chitosan hydrogels as stable, reusable material 
to remove heavy metals in water (see Figure 2.4b). Chitosan boasted the 
absorption capacity and cellulose offered mechanical strength and chemical 
stability. The developed hydrogel exhibited unique and selective affinity to 
Cu2+, Fe2+ and Pb2+.  
 
Figure 2.4 (a) TEM image of chitin nanowhisker; (b) the synthetic scheme of 
magnetic cellulose–chitosan hydrogels (top) and the reusable cycle (bottom). 
 
Apart from the aforementioned areas, the most important derivative of 
chitin, chitosan has been utilized as catalyst support in organic syntheses58-60 
due to the abundance, sustainability and processability. Quignard and Taran’s 
group utilized CuI/functionalized chitosan microsphere as a recyclable catalyst 
for [3+2] Huisgen cycloaddition.61 Chitosan hydrogel was synthesized and 
dried by scCO2 to obtain a porous microsphere with an average size of 2 mm 
and a surface area of > 100 m2/g (see Figure 2.5). The pore sizes were larger 
than 10 nm and therefore were entirely accessible by substrates. CuI chelating 
ligands were anchored onto chitosan via the interaction between the amino 
group of chitosan and the aldehyde group of the ligands. Quantitative product 




for 12 h in air with 0.1 mol% copper loading. More than ten substrates were 
efficiently converted, showing the broad scope of the catalytic system. 
Following this work, the same group developed Au NPs/chitosan aerogel,62 
which was effective in carbon–carbon cross coupling reactions.  
 
Figure 2.5 (a) the images of the chitosan microspheres and the pore structure; 
(b) synthesis of Cu on functionalized chitosan and the structure of the ligands 
(inserted). 
 
[Ru(p-cymene)Cl2] moiety has been anchored onto pivaloyl functionalized 
chitosan.63 The resulted Ru2+/functionalized chitosan complex was soluble in 
MeOH and was used as an immobilized homogeneous catalyst for the 
asymmetric transfer hydrogenation of ketones. This work elaborately utilizes 
the intrinsic chirality of chitosan to achieve enantio-selectivity. At room 
temperature, 81% product was obtained after hydrogenation of acetophenone 
in MeOH/IPA (9:1) after 24 h. The ee% reached to a remarkable value of 72%. 
Other substrates were also attempted and the ee% varied from 28% to 78%. 




catalyst support for the synthesis of fine chemicals bearing asymmetrical 
carbon centers. Besides noble metal catalyst, chitosan was also employed as 
support for photocatalysts such as ZnO, TiO2, etc. and non-metal catalyst such 
as ILs.64 
To the best of our knowledge, a plethora of distinguished reviews and books 
have been dedicated to the summary of chitin and/or chitosan utilization as 
functional polymers65-70 since the topics are indeed extensively studied and 
well explored.  
2.4 Chitin conversions into chemicals 
The valorization of chitin as functional polymers only engaged chemical 
modifications on the side chains. It is important to point out that all these 
chemical modifications are based on stoichiometric reactions instead of direct 
catalytic conversion, and the polymer chain of chitin is not interrupted and 
therefore unable to produce any non-polymeric chemicals. Conversely, the 
utilization of chitin for chemicals requires the cleavage of the polymer chain 
and further transformations into a series of different compounds.  
Among the biomass resources, ocean-based ones were much less studied 
compared to land-based lignocellulosic biomass. The data showed that only 
2.5% of the nearly 30,000 papers published from the year of 2000 to 2012 on 
renewable feedstocks concerned with chitin or other oceanic biomass 
conversions.71 Figure 2.6 summarizes the chemicals that managed to generate 
from cellulose by 2012. The exploration of cellulose conversion has attracted 
significant attention and widely investigated, with a comprehensive reaction 
network established. A plenty of building block chemicals were already 




organic acids, alcohols, alkanes, furans, etc. Besides, starting from these 
platform chemicals (5-HMF, etc.), a diversity of downstream chemicals can be 
further obtained to build up comprehensive product chains. 
 
Figure 2.6 A variety of chemicals obtained from cellulose by 2012.  
 
Despite sharing similar chemical structure and comparable abundance, 
chitin utilization for chemicals was much less undertaken. Currently, only a 
handful of papers devoted to chitin conversion for chemicals and only 4 
chemicals can be obtained in satisfactory yields (see Figure 2.7). Moreover, 
there are very few downstream products. Note that the pyrolysis of chitin has 




were less than 2% with very low selectivity and therefore not listed in Figure 
2.7. The pyrolysis method was not quite efficient in generating fine chemicals 
from chitin, but it was well utilized to produce carbon products from chitin 
which is discussed in Session 2.4.2. Among the 4 chemicals, two of them were 
from the hydrolysis of chitin which has been investigated by many research 
groups via both chemical and biological methods since the 1980s. Afterward, 
the field of chitin conversion into chemicals experienced a trough period. In 
2009, a furanic compound 5-CMF was obtained directly from chitin polymer 
in high yield, which starts the valorization of chitin for building block 
chemicals. Nevertheless, the idea to use the biologically-fixed nitrogen in 
chitin for sustainable N-containing compounds has not been realized until 
2012 when 3A5AF was generated in considerable yield from chitin monomer. 
Unfortunately, this reaction was not capable of converting the readily-
available chitin polymer.  
 




Based on the above summary, it is obvious that there is a great but 
underestimated potential in chitin biorefinery, which may open new avenues 
for the formation of a variety of useful chemicals, especially N-containing 
ones that cannot be obtained from the current woody biomass refinery. The 
following paragraphs illustrated the existing works in the transformation of 
chitin biomass (chitin, chitosan and their monomers) according to the reaction 
types.  
2.4.1 Hydrolysis reaction 
Hydrolysis of chitin or chitosan into their oligomers and/or monomers is a 
relatively straightforward strategy. The depolymerization of chitin directly 
leads to the formation of oligomers and then NAG, while further deacetylation 
will result in glucosamine. These oligomers and monomers have found 
applications in food and biomedical areas. For example, NAG and 
glucosamine are utilized in the treatment of osteoarthritis. Chemical hydrolysis 
of chitin often used concentrated acids (e.g. HCl, H2SO4, H3PO4) at room 
temperature or elevated temperature.72-74 Einbu et al. carefully examined the 
cleavage pattern of chitin hydrolysis in concentrated DCl solution at room 
temperature.75 Negligible deacetylation occurred in the first 1 h and the initial 
phase of the reaction involved mainly depolymerization of the chitin chains, 
leading to ca. 90% yield of NAG monomer. Prolonged time led to the 
formation of glucosamine. There were three types of cleavage happening 
during the process as illustrated in Figure 2.8. kacetyl denotes the cleavage rate 
of the acetyl amide side chain at C2 position, kglycA refers to the cleavage rate 
of glycosidic bond following an acetylated monomer unit while kglycD means 




by NMR analysis, the data were fitted by kinetic modeling and the reaction 
rates of the three patterns were compared. According to the results, kglycA was 
54 times higher as compared to kglycD and 115 times higher than kacetyl. Thus, 
depolymerization of chitin chains is much faster than the deacetylation in 
concentrated acid solution and chitin with a high DA may be hydrolyzed more 
rapidly. The much higher value of kglycA than kglycD was explained by two 
proposed reasons. The first one is the catalytic effect of the acetyl amide group 
which stabilizes the oxocarbonium ion transition state, and the second one is 
the shield effect of the positively charged amino group inhibiting the 
glycosidic oxygen from protonation.74  
 
Figure 2.8 Three cleavage patterns of chitin hydrolysis in concentrated acid 
solution. 
 
More recently, microwave and ultrasonic wave-assisted hydrolysis of chitin 
in concentrated HCl solution have been demonstrated (see Figure 2.9).76 
Under microwave irradiation, the reaction rate has been remarkably 
accelerated to be one order of magnitude higher than using conventional 
heating. Besides, microwave-assisted conversion is favorable to generate 
glucosamine as the final product. About 57% yield of glucosamine could be 




sonication promoted the dissolution of chitin prior to the hydrolysis process; 
chitin became fully soluble in concentrated HCl solution within 30 min at even 
20 ˚C. Pre-sonication of chitin and heated at 120 ˚C in concentrated HCl 
solution for 2 h resulted in the formation of glucosamine with 62% yield. In 
addition, the sonication-assisted conversion may offer a way to selectively 
synthesize NAG under mild condition. 37% yield of purified NAG was 
obtained by chitin hydrolysis with sonication at a low temperature of 30 ˚C for 
4 h. Apart from these, chitosan hydrolysis has been conducted in ILs because 
the solvent showed good capacity for polysaccharide dissolution.77 Around 5 
wt% of chitosan can be fully dissolved in [BMIm]Cl or [BMIm]Br upon 
heating at 100 ˚C. The use of IL as solvent beneficially led to the reduced 
amount of acid required and mitigated side reactions. After the optimization of 
acid type and amount, as high as 63% yield of total reducing sugars was 
obtained by using 6 wt% concentrated HCl as the catalyst at 100 ˚C for 7 h. 
Besides, the hydrolysis was achievable regardless of the MW of chitosan (both 
low and high MW chitosan can be converted). Following this work, 
microwave-assisted hydrolysis of chitin in ILs by using acidic IL as the 
catalyst instead of mineral acids has been described.78 The effects of 
microwave power, time, solvent/co-solvent type and catalyst amount were 
systematically investigated. The mixture of [AMIm]Cl and [HMIm]Cl was 
employed as the solvent, and then small amounts of water and DMSO along 
with the catalyst 1-(3-sulfonic acid) propylpyridinium hydrogen sulfate were 
added. Under optimal conditions, the yield of total reducing sugars reached 





Figure 2.9 the reaction scheme of microwave and sonication-assisted 
hydrolysis of chitin into glucosamine and NAG. 
 
Apart from chemical hydrolysis, enzymatic hydrolysis of chitin biomass has 
been employed. The amino-sugar products obtained via enzymatic method are 
required when using as food additives or dietary supplement. Enzymatic 
method is generally selective but has low efficiency with prolonged reaction 
period. Aiba’s group first utilized the enzyme cellulases to depolymerize β-
chitin into NAG with satisfactory yields whereas α-chitin was not successfully 
converted.79 Afterwards, crude enzymes have been derived from the bacterium 
Aeromonas hydrophila H-2330 (denoted as crude enzyme A), which was able 
to efficiently hydrolyze α-chitin.80 From SDS-PAGE analysis, three types of 
enzymes existed in the crude enzyme A, including both endo- and exo-
chitinases. It was proposed that the chitin was slowly depolymerized into 
oligomers by endo-chitinase and then fast hydrolysis of the oligomers 
occurred catalyzed by exo-chitinase. 77% yield of NAG was selectively 
obtained by using the crude enzyme A in aqueous solution at 17 ˚C for a 
period of 10 days. The low temperature was employed because the enzyme 




extracted from different types of sources and these enzymes and/or their 
mixtures were utilized for chitin hydrolysis into NAG.81-84 Pilot scale 
production of NAG from β-chitin has been demonstrated by Aiba’s group 
using crude enzyme from Trichoderma viride. About 107 g purified NAG was 
obtained as the product starting from 250 g chitin.85  
2.4.2 Pyrolysis reaction 
As aforementioned, pyrolysis of chitin can be used for the production of 
carbon products. Mesoporous carbon materials have been broadly utilized in 
fuel cells,86 catalysis,87 and gas separation/storage88 due to their distinguished 
properties such as the high surface area, large pore volume, and high 
conductivity.89 To generate more prominent carbon materials, strategies such 
as incorporating surface functionality or doping heteroatoms onto the carbon 
matrix are often employed. For instance, N-doped carbon materials are often 
superior to the non-doped carbon counterpart.90, 91 Chitin represents a class of 
sustainable feedstock for the synthesis of N-doped carbon materials because of 
the biologically-fixed nitrogen, to eliminate the requirement for external 
nitrogen sources. A typical TGA-IR profile for chitin decomposition is 
illustrated in Figure 2.10. Three stages of weight loss were observed. The first 
stage usually starts at around 140 ˚C reflecting the evaporation of water. The 
second stage is between 300 and 450 ˚C with a significant weight loss and an 
associated exothermic peak on the DTA curve, which corresponds to the 
decomposition of chitin. The third stage is the graphitization.92 A few volatile 
chemicals were usually observed including CO, CO2, organic acids vapors, 






Figure 2.10 (a) TGA and DTA curves and (b) three-dimensional on-line FTIR 
spectra of the volatile products. The labeled peaks in the FTIR spectrum 
represent: (1) C-O stretching, (2) O-H bending, (3) N-H bending, (4) C=O 
stretching, (5) CO, (6) CO2, (7) C-H stretching, and (8) O-H stretching. 
 
    Combined hydrothermal process with pyrolysis can directly convert raw 
shells into N-doped carbon materials. White’s group was the first to exemplify 
the conversion of waste shrimp shells into N-doped mesoporous carbon 
materials via a three-step procedure (see Figure 2.11).93 First, the prawn shells 
were hydrothermally treated at 180 to 200 ˚C for 24 h, during which the 
macromorphology and texture of shells remained largely the same, except that 
the color changed from orange/pink to yellow-brown. Next, the treated shells 
were pyrolyzed under N2 flow at 750 ˚C to give carbon/CaCO3 composites. 
Lastly, CaCO3 was removed by HAc. After calcination, the carbon/CaCO3 
composite contained 19.7% carbon and 2.8% nitrogen, bearing a surface area 
of 177 m2/g and total pore volume of 0.69 cm3/g. After further acid treatment, 
a considerable number of nanopores with diameters from 2 to 10 nm were 
generated, leading to an almost doubled surface area (328 m2/g), increased 
total pore volume (0.87 cm3/g) as well as mesopore volume. Therefore, CaCO3 
in the shell acted as a pore-generating template. The CaCO3 removal 




and 5.8% nitrogen. Graphitic-type carbon was found in the resulted carbon 
materials but the degree of graphitisation was limited. Three types of nitrogen 
(pyrrolic-, pyridinic- and quaternary nitrogen) were identified with pyrrolic-
type nitrogen being dominant. With high surface area, large pore size and 
good accessibility, the N-doped carbon materials from renewable shell waste 
provided potential applications in electronics. With similar procedures, 
carbonization of glucosamine and chitosan was studied.94 Different from intact 
shells, the graphitization started in the hydrothermal step and further 
developed in the pyrolysis step. The surface areas of the carbon materials were 
~10 m2/g after hydrothermal treatment and ~30 to 50 m2/g after calcination. 
The lower surface area can be ascribed to the lack of CaCO3 as the template. 
 
Figure 2.11 The direct conversion of shrimp shell into mesoporous N-doped 
carbon materials by combined hydrothermal and pyrolysis method. 
 
    García’s group described the synthesis of highly porous N-doped carbon 
sheets from chitosan via direct pyrolysis under an inert atmosphere.95 Chitosan 
aerogel beads, obtained by scCO2 drying, were added into saturated 
(NH4)2SO4 solution and stirred for 1 h. The wet beads were annealed at 200 ˚C 
and calcined at 400 to 800 ˚C under Ar. The sample calcined at 800 ˚C with 
KOH activation possessed the highest surface area of 970 m2/g and a total 




contained a high nitrogen content of 11.5%, and possessed a sheet-like 
structure with graphitic layers stacked along Z-axis. Due to the high nitrogen 
content and porosity, the carbon materials exhibited excellent CO2 adsorption 
capacity (> 3 mmol/g). Following this work, the same group synthesized 
single/few layer N-doped carbon materials by exfoliation of pyrolyzed 
chitosan (see Figure 2.12). Chitosan was spin coated onto a clean support, 
annealed at 200 ˚C, and pyrolyzed at 800 ˚C. One to four-layer graphene 
sheets were obtained with smooth surfaces and an interplanar distance of 0.5 
nm. The graphitic-type carbon and the carbons bonding to nitrogen were 
detected, while pyridine nitrogen, pyridinium nitrogen and pyridine N-oxide 
(total nitrogen content of 10.7%) were identified by XPS analysis. The work 
provided a simple procedure for the production of high-quality, several-layer 
carbon materials showing excellent electronic conductivity, which can be 
applied in consumer electronics as affordable and amenable materials. 
 
Figure 2.12 (a) Electron diffraction of a single layer N-doped graphene film 
on quartz; (b) cross-section view of a few layers graphene film; (c) high 
resolution TEM image of a single layer graphene film on quartz and (d) 
number of layers and interlayer distance corresponding to the cross-section 





    Instead of carbon products, the study on chitin pyrolysis for fine chemicals 
can be dated back to 1976. Chitin was pyrolyzed at 900 ˚C under N2 flow and 
the resulted products were analyzed by GC-FID.96 The total product yield was 
2.7 wt% including a numerous species of chemical products due to poor 
selectivity, and only a small portion of them has been identified. The yield of 
toluene and o-xylene was 0.1% while the yield for pyrazines and pyridines 
was 0.2%. Knorr et al. examined the formation of pyrazines from chitin by 
pyrolysis at a temperature range of 300 to 500 ˚C in an inert atmosphere. 
Chitin started to decompose at 200 ˚C and 75% of it was converted when 
reaching 400 ˚C. A series of methylpyrazines including 2-methyl pyrazine, 
2,5-dimethyl pyrazine, 2,3-dimethyl pyrazine, etc. were identified and the 
product yields were generally increased at elevated temperature. Pyrolysis of 
the chitin monomer led to the generation of several groups of volatile 
chemicals. The three major products were 3-acetamidofuran, 
acetamidoacetaldehyde and 3A5AF with yields of 5%, 3% and 2% 
respectively. Overall, pyrolysis indeed can lead to the formation of useful 
chemicals from chitin however in very low yield and there is presently no 
efficient way to enhance the selectivity.   
2.4.3 Dehydration reaction 
Dehydration of cellulose into 5-HMF is a type of well-known reaction in 
woody biomass valorization. 5-HMF has been ranked as a top-valued bio-
based chemical by U.S. Department of Energy.97 Mascal and Nikitin were the 
first to describe chitin conversion into 5-CMF as shown in Figure 2.13, a 
compound that could be readily converted back to 5-HMF in a mild hydrolysis 




feedstocks including glucose, cellulose, corn stover and chitin with a 
concentration of up to 10 wt%. In general, the substrates were heated in a 
biphasic, closed system consisting of concentrated HCl aqueous solution and 
C2H4Cl2 as the extraction solvent. The product yield can be significantly 
enhanced via continuous extraction within a time period of 3 h. Cellulose was 
first converted at 100 ˚C using the biphasic system into 5-CMF with a 
significant yield of 83.5%, and the minor products were LA and other humic 
materials with an yield of 5.3%. The conversion of chitin required higher 
temperature at 150 ˚C under employed conditions, leading to the formation of 
45% yield of 5-CMF and 29% yield of LA. This pioneering work 
demonstrated the feasibility of chitin biorefinery as a renewable resource to 
complement woody biomass for the production of platform chemicals. 
Nevertheless, because chitin with robust structure is even more challenging to 
be converted than cellulose, the necessity of chitin utilization for chemicals is 
not fairly justified and the unique property of chitin has not been considered. 
 
Figure 2.13 Conversion of chitin into 5-CMF and LA. 
 
Kerton’s group achieved the synthesis of a N-containing furan chemical 
named 3A5AF in considerable yield from chitin monomer,99 and proposed the 
use of chitin biomass for the formation of sustainable N-containing chemicals. 




under microwave irradiation, generating over 60% of 3A5AF from the chitin 
monomer NAG under optimal conditions. High temperature favored the 
formation of 3A5AF but the IL solvent would decompose beyond 180 ˚C. This 
work represents a significant advance in the field considering that previous 
pyrolysis of NAG at 400 °C afforded only 2% of the compound.100 In addition, 
this reaction can also be conducted in organic solvents. 62% 3A5AF was 
produced in DMA by using B(OH)3 and NaCl as co-additives under 
microwave heating at 220 °C for 15 min.101 Further elevation in temperature 
led to product decomposition. They have established a highly selective, 
catalytic route to convert chitin model compound (the NAG monomer) into a 
useful N-containing chemical (3A5AF). Unfortunately, the direct conversion 
of chitin polymer that readily extracted from the shell was not achieved. 
3A5AF is a potential building block in the synthesis of bioactive molecules. 
Proximicin A, B and C are antibiotic and anticancer compounds. The total 
synthesis of these compounds is shown in Figure 2.14 (all the routes in black), 
which is complex comprising of around eight synthesis steps starting from 
petroleum-derived chemicals. Provided that the process starts from chitin 
polymer and one step conversion of chitin into 3A5AF is achieved, it is not 
only sustainable but also remarkably reduces the number of synthesis steps.   
The formation pathway of 3A5AF from NAG was tentatively proposed as 
that the pyranose sugar first underwent ring-open step to form open-chain 
aldose and then re-close to form a five-membered furan ring. Next, three water 
molecules were eliminated via dehydration and enolization occurred to 
produce the target product (see Figure 2.15). The acetyl amide group did not 




The authors also proposed that B(OH)3 possibly displayed positive effects on 
the reaction by interacting with the –OH groups of the substrate but there was 
no concrete evidence to prove it. 
 
Figure 2.14 The total synthesis of Proximicin A, B, C (shown in black color) 
and the proposed route starting from chitin (highlighted in red color). In the 
proposed route, 3A5AF was formed in one step and then joined the total 
synthesis routes to shorten the path.    
 




2.5 Summary of current status and the gaps 
    Based on the investigation of the literature, the conversion of chitin into 
unique N-containing compounds was rarely investigated so far, despite chitin 
shared a similar structure with that of cellulose. Considering the development 
in cellulose conversion, chitin biorefinery boasts remarkable potential and 
feasibility, and rapid progress could be anticipated based on the advances in 
woody biomass conversion. With limited studies in the field, there are some 
gaps that worth scientific efforts. Direct conversion of the long chain chitin 
polymers is more attractive, desirable and economically favorable, which 
obviates the hydrolysis step. Moreover, the most exciting aspect of using 
chitin as the starting material is the possibility of generating various types of 
renewable N-containing compounds, which may deliver unique properties. 
Nevertheless, there are currently only the two hydrolysis products that can 
directly be derived from chitin and contains nitrogen. As a result, it is 
imperative to expand the product pool and explore new chemical 
transformation routes of chitin for a wide range of chemicals especially N-




CHAPTER 3 DIRECT CONVERSION OF CHITIN INTO 
NITROGEN-CONTAINING FURAN DERIVATIVE 
3.1 Introduction 
        As aforementioned, chitin conversion has great and underestimated 
potentials to produce chemicals especially N-containing ones.102 To the best of 
our knowledge, direct conversion of chitin into value-added N-containing 
chemicals with noticeable yields has not yet been realized so far. The chemical 
structure of chitin is highly similar to cellulose, consisting of NAG 
monosaccharide units (see Figure 3.1). Therefore, the formation of a new, 
unique, N-containing platform compound from one-step conversion of chitin is 
envisaged, in analog to the 5-HMF from cellulose. 5-HMF is a versatile, top-
valued platform chemical that generated from cellulosic biomass, which can 
be upgraded to a wide range of useful chemicals and fine chemicals.103 3A5AF 
is a N-containing furan compound which has been produced in considerable 
yield from chitin monomer.99, 101 3A5AF is a potentially building block 
chemical derived from chitin biomass for the further generation of a variety of 
other N-containing chemicals and also for polymers. This chemical is more 
polar and less soluble in scCO2 than 5-HMF because of the stronger 
intermolecular interaction.104 It has a unique substitution pattern which is not 
easily accessible by organic synthesis (see Figure 3.1), and therefore can be 
treated as an ideal intermediate for the synthesis of some bioactive molecules 
such as alkaloids, pyrrolosine and antibiotic proximicins. Besides, polymers 





Figure 3.1 Reaction scheme of chitin into 3A5AF. 
With this huge potential, the possibility of producing 3A5AF directly from 
chitin in one step was tested for the first time, which in principle, could be 
obtained by combining chitin hydrolysis and NAG dehydration. In this chapter, 
direct conversion of chitin polymer in one step into 3A5AF was first achieved 
in organic solvents and then in ILs. Up to 6 organic solvents or 10 ILs and 
more than 25 additives and their combinations were evaluated. In the organic 
solvent system, detailed studies concerning the reaction kinetics, reaction 
pathway, effects of water, and mechanistic investigation using NMR and 
poison tests were conducted. The highest of 7.5% yield of 3A5AF was 
obtained under optimal conditions. In the IL system, the reaction optimization 
and kinetic study were investigated. Compared to the organic solvent, the IL 
system produced 3A5AF with the highest yield of 6.2% but with faster 
reaction rate and reduced reaction temperature. Besides, IL offers a green and 
recyclable solvent whose recyclability has also been tested.   
3.2 Experimental 
3.2.1 Chemicals and materials 
    Chitin was purchased from Wako Pure Chemical Industry. B(OH)3 was 
purchased from Amresco. NaCl was purchased from Schedelco. LiCl, DMA 




FeCl2, SnCl2, BaCl2, CsCl, NMP, MIBK and DMSO were purchased from 
Sigma Aldrich. DMF and Gly were from Fisher Scientific. EG was purchased 
from Fluka. DMSO-d6 was purchased from VWR Singapore. Other chemicals, 
such as AlCl3, CuCl2, WO3, CoCl2, NiCl2 and CaCl2, were obtained from 
Sinopharm Chemical Reagent. [AMIm]Br, [AMIm]Cl, [BMIm]Ac, 
[BMIm]BF4, [BMIm]Cl, [BMIm]CF3SO3, [BMIm]NTf2, [BMIm]PF6, 
[EMIm]Cl and [HOEMIm]Cl were purchased from Lanzhou Institute of 
Chemical Physics. All the chemicals were used as received.  
3.2.2 Characterizations 
    XRD, FTIR and EA have been used for the characterization of chitin and 
the recovered solids. XRD with Cu Kα radiation at 40 kV was conducted on a 
Bruker D8 Advanced Diffractometer. FTIR was performed using a Bio-Rad 
FTS-3500 ARX instrument. EA was conducted using an Elementar Vario 
Micro Cube and the DA is calculated according to EA result.105 
DA = [(C/N – 5.14)/1.72] ⨯ 100% 
    where C/N is the ratio (w/w) of carbon to nitrogen. 
GPC analysis was carried out with a system equipped with a Waters 2410 
refractive index detector, a Waters 515 HPLC pump and two Waters styragel 
columns (HT 3 and HT 4) using DMF as eluent at a flow rate of 1 mL/min at 
25 ˚C. The raw data were processed using narrow polydispersity polystyrene 
standards and calibration using the software Breeze. 1H, 11B and 13C NMR 
were performed on a Bruker ultrashield 400 plus spectrometer. GC-MS was 
performed on an Agilent 7890A GC system with 7693 Autosampler and 




Agilent 1200 Series (Agilent Technologies, Germany) LC system, with an 
Agilent ZORBAX Eclipse carbon-18 column and a UV-vis detector. The 
mobile phase consisted of 83% water and 17% acetonitrile at a flow rate of 0.5 
mL/min and an analysis time of 15 min. 3A5AF has peak absorbance at 230 
nm. 3A5AF standard was prepared from NAG and purified by column 
chromatography;99 a calibration curve was then plotted and applied for 
quantification of 3A5AF. 
3.2.3 Chitin conversion in organic solvent 
3.2.3.1 General procedures 
    Under optimized conditions, chitin (100 mg, 0.5 mmol based on NAG 
monomer) was placed in a thick-wall glass tube (35 mL). Following that a 
magnetic stir bar, B(OH)3 (122 mg, 2.0 mmol), NaCl (58 mg, 1.0 mmol) and 
anhydrous NMP (3 mL) were added. The tube was sealed by a Teflon stopper 
and placed into a pre-heated oil bath at 215 ºC for 1 h under a stirring speed of 
400 rpm. After the reaction, the reaction mixture was cooled down to room 
temperature. MeOH (15 mL) was added. After thorough mixing, a portion of 
the liquid sample (1 mL) was filtered by a PTFE syringe filter with 0.2 μm 
pore size before analyzing by HPLC. Noteworthy, all the reactions were 
carried out in a similar manner whilst varying the following parameters: 
additive (or additive amount), solvent, reaction time and temperature. 
To obtain the conversion of chitin, the reaction mixture was centrifuged 
after the reaction. The remaining solid was washed with water three times and 
dried in an oven over 24 h at 70 ºC and weighed. The conversion of chitin is 
calculated as: 




    M0 is the initial mass of chitin as starting material; Mt is the mass of the 
residues after oven dry. 
3.2.3.2 Identification of other products 
After the reactions, the liquid samples from six parallel experiments were 
combined. Then, reduced pressure distillation was applied for the removal of 
NMP solvent. Edwards Rotary Vane Pump (Model RV3) with the ultimate 
pressure of 0.002 mbar was used. The liquids were put into a round bottle 
flask and heated at about 90 ˚C under vacuum. After the majority of solvent 
was removed, column chromatography was employed for separation using 
silica gel with particle size ranging from 40 to 63 μm as the stationary phase 
and 5% MeOH and 95% dichloromethane as the mobile phase. Afterwards the 
collected fractions were concentrated by a rotary evaporator and analyzed by 
GC-MS. 
3.2.4 Chitin conversion in IL 
3.2.4.1 General procedures 
    Chitin (80 mg, 0.394 mmol), B(OH)3 (97 mg, 1.57 mmol), HCl (32.6 μL, 
0.394 mmol), and anhydrous [BMIm]Cl (1.0 g) were added into a thick-walled 
glass tube (35 mL) containing a magnetic stir bar. For screening purpose, 
various types and amounts of additives were varied, but the amounts of chitin 
and IL were always kept identical. After sealing with a Teflon cap, the tube 
was placed into a multi-cell reactor at the desired temperature. Each time, up 
to nine tubes can be placed into the multi-cell reactor. Detailed information on 
the reaction time, temperature, additives are provided in the tables and figure 
captions. After the reaction (typically 1 h), the reactor was cooled down to 




after which the tube was sealed and vigorously shaken for 3 min. A portion of 
the MeOH solution (1 mL) was filtered over a PTFE syringe filter (0.2 μm 
pore size) before HPLC analysis. The conversion of chitin was calculated the 
same way as in organic solvents. All reactions followed the general procedure 
while varying a few parameters, namely solvent, additive, amount of additive, 
reaction time and temperature. In particular, for solvent screening, each IL (1 
g) was added to each test tube containing chitin (80 mg, 0.394 mmol), under 
three conditions: 1) without any additives; 2) with B(OH)3 (97 mg, 1.57 mmol) 
only; and 3) with CrCl3 (105 mg, 0.394 mmol) only. Each sample was reacted 
at 180 ˚C for 1 h. 
3.2.4.2 Recyclability tests and solubility tests 
The recyclability of IL was examined in the following way. Chitin (80 mg, 
0.394 mmol) with B(OH)3 (97 mg, 1.57 mmol) were heated at 180 ˚C for 1 h 
in [BMIm]Cl (1 g). Then, 20 mL water was added and undissolved solids were 
removed by centrifugation. Next, the water phase was extracted by ethyl 
acetate (15 mL) for 3 times. Lastly, the water was evaporated under high 
vacuum at 90 ˚C. The recovered IL was reused by supplementing chitin and 
B(OH)3. 
A simple solubility test of chitin in ILs was conducted by mixing chitin (5 
mg, 0.025 mmol) with various ILs (0.5 g). After adding in a magnetic stir bar 
and sealing with Teflon caps, the mixtures were mixed at 100 ˚C for 1 h under 
stirring. Optical appearances of the final mixtures were recorded, to provide a 
rough comparison of solubility behavior of chitin in various ILs. 




Extraction and distillation were attempted. The extraction was conducted by 
adding extra 3 mL of MIBK into the reaction system as described in general 
procedures. Thus, the reaction system contains two layers with IL reaction 
layer at the bottom and MIBK extraction layer at the top. The installation for 
reactive distillation is shown in Figure 3.2. The reaction was heated and 
reacted at 180 ˚C while a high-vacuum pump was applied during the reaction. 
An Edwards Rotary Vane Pump (Model RV3) with an ultimate pressure of 
0.002 mbar was used. MIBK steam distillation was conducted by adding a 
heating unit to the reactive distillation system, which was the container and 
steam generator of water or MIBK by heating to the relative boiling point 
temperature. 
 
Figure 3.2 The diagram for reactive distillation process. 
 
3.3 Results and discussion 
3.3.1 Chitin conversion in organic solvent 
3.3.1.1 Solvent screening 
    Similar to cellulose,98, 106, 107 one of the major challenges for chitin 
conversion is its robust crystal structure with extensive inter- and intra- 
hydrogen bonds among the polymer chains.108, 109 Solvent or solvent systems 




Previously, dipolar aprotic solvents combined with metal salts, such as 5-7% 
LiCl/NMP and LiCl/DMA systems, have been reported to dissolve chitin.110 
We started by screening 6 solvents including DMA, DMF, DMSO, NMP, EG 
and Gly. The first four solvents are commonly used for sugar dehydration111-
115 whereas EG and Gly are selected because their hydroxyl groups may 
disrupt the hydrogen bonding network in chitin. When chitin was dispersed in 
these 6 solvents at 195 or 225 ˚C for 1 h, no 3A5AF was detected. LiCl (5 
wt%, based on solvent) was added into these solvents as a solubility enhancing 
agent, but the yield of 3A5AF remained 0% in all cases. These two series of 
experiments indicate chitin dehydration to 3A5AF could not be obtained by 
thermal decomposition under the temperatures investigated, irrespective of the 
solvent used. 
To differentiate the solvent effect in converting chitin into 3A5AF, different 
additives that are active in sugar dehydration, such as HCl,116-118 B(OH)3,119-121 
and their combination with LiCl were employed. The results are shown in 
Figure 3.3. By adding HCl, 3A5AF was obtained in DMA, DMF and NMP 
(2.3, 1.1 and 3.0% respectively). By adding B(OH)3, 3A5AF was obtained in 
DMA, DMF, DMSO and NMP. No 3A5AF was detected in EG and Gly under 
these conditions. The best performance was achieved in the presence of 
B(OH)3 and LiCl in NMP, reaching a 3A5AF yield of 5%. From above DMA, 
DMF, DMSO and NMP are all suitable solvents for chitin conversion but 
NMP appears to be the most effective. Previously, DMF and DMA were 
identified to be the best solvents for chitin monomer dehydration, and NMP 
was slightly less effective. The different performances may be ascribed to the 




molecular size, which may favor the solute-solvent interaction in sugar 
monomer conversion. On the other hand, a major challenge in chitin 
conversion is its low solubility, and therefore NMP is more effective 
considering LiCl/NMP represents a classic solvent system for chitin 
dissolution. After that, the system was further optimized by conducting the 
reaction at different temperatures and with different solvent to chitin ratios 
(Figure 3.4). The optimal temperature was identified to be 215 ˚C and the 
optimal solvent to chitin ratio to be 3 mL to 100 mg. 
 
Figure 3.3 Solvent screening tests. Reaction conditions: 195 ˚C, 1 h, solvent 
(3 mL), chitin (100 mg). (a) 80 µL HCl; (b) 400 mol% B(OH)3; (c) 5 wt% in 





Figure 3.4 Optimization of (a) reaction temperature and (b) solvent volume. 
Reaction conditions for (a): 1 h, NMP (3 mL), chitin (100 mg), B(OH)3 (400 
mol%). Reaction conditions for (b): 195 ˚C, 1 h, chitin (100 mg), B(OH)3 (400 
mol%), LiCl (5 wt% in NMP). 
 
3.3.1.2 Additive screening 
    We systematically evaluated the performance of a wide range of additives 
for chitin conversion to 3A5AF in NMP under selected conditions. These 
additives included 13 metal chlorides, 6 organic/simple inorganic acids, 5 
bases and 3 heteropolyacids (see Figure 3.5a). Heteropolyacids, which have 
been reported to be excellent catalysts for glucose/cellulose dehydration,122-124 
did not produce any 3A5AF. Bases were not effective either. Ba(OH)2 is the 
only basic additive that produced 3A5AF, but the yield was very low (0.4%). 
Metal chlorides are widely used as the catalysts for glucose dehydration to 5-
HMF,125-129 and in our experiments CrCl3 effectively promoted 3A5AF 
formation (2.5%). Organic acids such as phenylboronic acid and HAc are not 
able to facilitate the reaction. Among the inorganic acids, HCl is the only 
effective additive for chitin conversion to 3A5AF with a yield of 2.2%, 
indicating the promotional effect of chloride ion in the reaction. This is 
consistent with the previous finding in NAG, glucose and cellulose conversion 




chloride acts as a promoter to disrupt the hydrogen bonding in the substrate 
rather than as a catalyst, considering the majority of metal chlorides are 
inactive in 3A5AF formation. B(OH)3 is the most effective additive for the 
reaction with a 3A5AF yield of 3.6%. Presumably, B(OH)3 facilitates both the 
hydrolysis of chitin and the dehydration due to its acidity and this gives rise to 
its promotional ability. Previously it was proposed that B(OH)3 coordinates 
with the –OH on glucose and enables its dehydration to generate 5-HMF.121 
    In an attempt to obtain higher yields, combinations of additives were 
investigated. Since B(OH)3 is the most effective single component additive, 
the combinations were based on B(OH)3 and another additive (see Figure 
3.5b). Interestingly, the combination of B(OH)3 with some metal chlorides, 
such as MnCl2, SnCl4, CuCl and ZnCl2, and heteropolyacids did not afford any 
3A5AF from chitin. B(OH)3 with CuCl2, WO3, CoCl2 and NiCl2 led to 3A5AF 
formation but the yield was lower than using B(OH)3 alone. On the other hand, 
the use of B(OH)3 with CrCl3, LiCl, NaCl and CaCl2 resulted in enhanced 
yields. Since the highest yields were obtained by using the combination of 
B(OH)3 and the alkali/alkaline earth metal chlorides, more optimizations were 
conducted. Different amounts of additives were investigated and the results 
are compiled in Figure 3.5c. This led to the discovery of a few systems that are 
able to produce ca. 6% 3A5AF directly from chitin within 1 h. These include 
the combinations of: 1) 400 mol% B(OH)3 and 200 mol% NaCl; 2) 200 mol% 
B(OH)3 and 100 mol% LiCl; 3) 400 mol% B(OH)3, 200 mol% LiCl and 100 
mol% HCl. The last combination is slightly better than the other two, reaching 
a 3A5AF yield of 6.2%. The addition of HCl is assumed to facilitate the 





Figure 3.5 Additive screening for chitin conversion into 3A5AF. Reaction 
conditions: 215 ˚C, 1 h, NMP (3 mL), chitin (100 mg), 200 mol% additive 
based on chitin monomer (400 mol% for B(OH)3). (a) single component 
screening; (b) combinations of additives; (c) different amounts of combined 





3.3.1.3 Reaction kinetics 
The combination of B(OH)3 and NaCl was chosen to study the chitin 
conversion and the 3A5AF yield as a function of reaction time (see Figure 3.6). 
Note that the chitin conversion is calculated based on the recovered solids 
after the reaction; the value will be underestimated if insoluble char or humin 
forms during the reaction. In the first few minutes, the product was not yet 
formed despite a chitin conversion of 15.5%. Normally, chitin has an 
amorphous and a crystalline part,132, 133 and the amorphous chitin is more 
easily converted. The crystalline index for chitin ranges from 70-80%. 
Therefore the initial conversion may be ascribed to the conversion of 
amorphous chitin, which depolymerized and generated soluble, low MW 
oligomers. As the reaction proceeded from 5 min to 2 h, the chitin conversion 
and 3A5AF yield increased simultaneously. It is not unreasonable to speculate 
that the chitin crystalline region depolymerizes at a slower pace, because the 
conversion rate slows down significantly compared to the initial conversion. 
After 2 h, a maximum 3A5AF yield of 7.5% was achieved with a chitin 
conversion of 49.7%. As the reaction further progressed, the yield dropped 
sharply probably due to 3A5AF decomposition. Interestingly, the chitin 
conversion decreased slightly after 2 h, indicating the formation of insoluble 
solids such as char. During the entire reaction, NAG is not observed, 
suggesting that the NAG dehydration is not rate-determining. Since the 
depolymerization of crystalline chitin is slow and that the products are not 








Figure 3.6 (a) 3A5AF yield as a function reaction time; (b) chitin conversion 
as a function reaction time. Reaction conditions: 215 ˚C, NMP (3 mL), chitin 
(100 mg), B(OH)3 (400 mol%), NaCl (200 mol%). 
 
    Chitin and the recovered solids after the reaction (215 ˚C, 1 h reaction time) 
have been characterized by FTIR, XRD and EA. As shown in the FTIR 
spectrum of pure chitin (see Figure 3.7a, dash line), the bands at 3452 and 
3266 cm−1 are attributed to the OH and NH stretching, respectively. The shape 
and intensity of these peaks will change if the hydrogen bonding network in 
chitin is altered. The bands ranging from 2886 to 2961 cm−1 represent CH, 
CH3 symmetric stretching and CH2 asymmetric stretching. And the CH 
bending, symmetric CH3 deformation and CH2 wagging bands appear at 1380 
and 1312 cm−1. The peaks at 1629 and 1662 cm−1 are assigned to Amide I 
band (two types of hydrogen bonds in a C=O group with the NH group of the 
adjacent chain and the OH group of the inter-chain). Amide II band (in-plane 
N-H bending and C-N stretching mode) and Amide III band (in-plane mode of 
C=O-NH group) are observed at 1558 and 1312 cm−1, respectively. The bands 
ranging from 1027 to 1163 cm−1 are attributed to the asymmetric bridge 




shape, position and relative intensity of all characteristic peaks are well 
preserved, which indicates no appreciable modifications on the chemical 
structure including functional groups and hydrogen bonding network. In the 
XRD pattern of pure chitin (see Figure 3.7b), the peak at 2θ = 19˚ represents 
the (110) plane of crystalline chitin,136 together with a few other peaks with 
much weaker intensity. The XRD pattern of the recovered solid highly 
resembles that of the chitin standard, suggesting that there is negligible change 
in the crystalline region. The EA data further corroborate with FTIR and XRD 
analysis, as C, H, and N contents remain at similar levels in the recovered 
solid (see Table 3.1). According to the EA, the DA of chitin is 99% and the 
value remains almost unchanged for the recovered solid. From these 
observations, we can conclude that the unreacted solids maintain the chemical 
backbone, the hydrogen bonding network, and the crystalline structure of 
chitin. It is assumed that chitin polymer chains undergo the depolymerization 
into oligomers and NAG prior to any other transformations towards 3A5AF 
and side products. 
 






Table 3.1 EA results of chitin, recovered chitin after the reaction and chitin-
humins 
Entry C wt% H wt% N wt% 
Chitin before reaction 47.2 6.40 6.89 
Chitin after reaction 44.2 6.62 6.13 
Chitin-humins 54.9 5.39 8.05 
Reaction conditions: 215 ˚C, 1 h, NMP (3 mL), chitin (100 mg), B(OH)3 (400 
mol%), NaCl (200 mol%).   
 
3.3.1.4 Reaction pathway elucidation 
Under optimized conditions, 3A5AF was obtained with ca. 7.5% yield 
despite a much higher chitin conversion (50%). In the following work, 
significant effort was made on the identification of other products generated 
from chitin, by combining column chromatography, GC-MS, HPLC, EA, 
NMR and FTIR analysis. The major product, 3A5AF, was further confirmed 
by NMR technique after column chromatography separation (see Figure 3.8). 
From GC-MS, a variety of other products have been identified, including 
levoglucosenone, HAc and 4-(acetylamino)-1,3-benzenediol. Besides these, a 
black solid fraction was obtained after column separation and characterized by 
FTIR (see Figure 3.9) and EA. It shares some similarities with humins 
reported in glucose/cellulose conversion,99 as both are polymeric black solids 
and have a higher C/H ratio (see Table 3.1) than their parent carbohydrates. 
On the other hand, the structure of the black solid from chitin is not identical 
with previously reported humin materials. Humins generated from 
glucose/cellulose conversion are assumed to form by aldol condensation 
between sugars and furanics, and the furanic and C=C conjugating bands can 




spectrum of the black solid from chitin. Furthermore, humins from 
glucose/cellulose contains no nitrogen, whereas the nitrogen content in the 
black solid (8%) is even higher than that in chitin. We tentatively term this 
black solid fraction as chitin-humins.  
 
Figure 3.8 1H NMR of 3A5AF (400 MHz, D2O) δ 8.06 (1H), 7.34 (1H), 2.43 
(3H), 2.09 (3H). 
 
 





Based on these we propose a plausible reaction pathway for the formation 
of 3A5AF and other products (see Figure 3.10). Hydrolysis of chitin is the first 
step in the reaction, leading to the partially depolymerized chitin, NAG 
oligomers and eventually NAG. The in-situ generated NAG undergoes three 
parallel reaction pathways. In the first pathway, 3A5AF is generated via a 
five-membered ring formed from the open ring aldose. The subsequent 
enolization and dehydration afford the N-containing furan derivative, similar 
to that proposed in an earlier study.137 Alternatively, NAG is dehydrated to 
hexatriene, after which keto-enol tautomerism, electrolytic rearrangement and 
dehydration take place to form six-membered ring product. The formation of 
aromatic compounds is not unusual for biomass conversion. For example, 
1,2,4-benzenetriol is widely reported in glucose conversion via 5-HMF as an 
intermediate.138-140 The difference is that 1,2,4-benzenetriol forms via a five-
membered furan ring whereas 4-(acetylamino)-1,3-benzenediol more likely 
forms via a six-member ring intermediate. Finally, the hydrolysis of acetyl 
amide in NAG affords HAc and amino-sugar. With further deamination and 
dehydration, levoglucosenone can be generated. The formation pathway of 
chitin-humin is not fully understood but it should involve the condensation 





Figure 3.10 Proposed reaction pathway of the formation of other identified 
products. 
 
3.3.1.5 Mechanism investigation 
    The reaction pathway from chitin to 3A5AF is a combination of hydrolysis 
and dehydration reactions. Water is required for the hydrolysis step but should 
have negative effects on the dehydration steps. Furthermore, the solubility of 
chitin in the solvent is inversely related to water content. The influence of 
water was examined (see Figure 3.11a & b) by adding 1%, 2%, 4%, 6% and 8% 
water into the solvent before reaction. The addition of water clearly shows a 
significant inhibitory effect on chitin conversion to 3A5AF in all cases. For 
example, both the 3A5AF yield and chitin conversion decreased by ca. 50% in 
the presence of 2% water, whereas the 3A5AF yield dropped to 0.5% when 8% 
water is added. These experiments unambiguously demonstrated the 
detrimental effect of water. We conclude that the trace amount of water 




the water produced during subsequent dehydration is sufficient to sustain 
chitin hydrolysis. The water content should be kept below 1% to enable 
efficient chitin conversion. 
    It is known that B(OH)3 can coordinate with the hydroxyl groups of the 
substrates. During the interaction, complexes with an acyclic structure or 
five/six-membered-ring chelate structures could be formed.141 The specific 
coordination configuration could be differentiated by a simple poison test. If 
an acyclic complex is formed during the reaction, the conversion will be 
inhibited by the addition of a simple alcohol such as EtOH. If five- or six-
membered ring structure is formed, the addition of EG and 1,3-PG will inhibit 
the reaction. In the poison tests, EtOH, EG and 1,3-PG (ratio 2:1 to the 
substrate) were added. For chitin conversion (see Figure 3.11c), EtOH did not 
affect the product yield. However, upon the addition of EG or 1,3-PG, the 
3A5AF yield decreased from 4% to 1% and 0.2%, respectively. 1,3-PG seems 
to be a stronger poison compared with EG. The poison experiments were 
conducted using NAG as the starting material (see Figure 3.11d), and exactly 
the same trend was observed. Afterward, IPA, 1,2-PG, Gly, 1,3-butanediol and 





Figure 3.11 (a) and (b) the influence of water on the conversion and yield. 
Reaction conditions: 215 ˚C, 1 h, NMP (3 mL), chitin (100 mg), B(OH)3 (400 
mol%), NaCl (200 mol%); (c) and (d) The inhibition effect of different 
alcohols as additives. Reaction condition: 215 ˚C, 1 h, NMP (3 mL), chitin or 
NAG (100 mg), B(OH)3 (200 mol%), NaCl (200 mol%). 
 
    In order to obtain a further understanding of B(OH)3 facilitated chitin 
transformation into 3A5AF, 1H, 13C and 11B NMR techniques have been 
utilized (see Figure 3.12). Since the solubility of NAG is much higher than 
chitin, and that the NMR signal of NAG is much easier to be identified and 
followed, the measurements were conducted by using NAG as a model 
substrate in the presence of 100 mol% B(OH)3 in DMSO-d6. When NAG is 
freshly dissolved in DMSO-d6, the 13C NMR and 1H spectra were 
predominantly by peaks from its α-anomer. By adding B(OH)3 at room 




spectra. Interestingly, two peaks belonging to the proton on OH groups 
disappear in the 1H NMR spectrum and several peaks arise (see Figure 3.12b). 
A series of new peaks are also observed in the 13C NMR spectrum (see Figure 
3.12a), most of which experience a downfield shift (signal move to larger 
ppm). It is reported that when saccharides form complex with boron, a 
substituent effect of 3-10 ppm to higher frequency can be expected67. In 
accordance with these changes, a new broad peak appears on 11B NMR 
compared with pure B(OH)3 (Figure 3.12c). 11B NMR signals alone are not 
conclusive but by combining 1H, 13C, 11B NMR studies and poison tests, we 
conclude that each B(OH)3 interacts with two hydroxyl groups and forms a 
boron containing complex. 1H NMR of NAG in DMA-d9 has been 
investigated previously.142 By comparison, it appears that the two peaks 
disappeared in the 1H NMR spectrum could be assigned to the –OH groups at 
C3/C4 and C6 position, respectively. DFT calculation suggests that boron 
coordinated with OH groups at the C4 and C6 was most stable for glucose 
conversion in the presence of B(OH)3.119 It is not unreasonable to speculate 
that B(OH)3 interacts with OH groups at C4 and C6 position and forms a six-
membered ring boron complex, in perfect agreement with poison tests. 
    After heating at 50, 80 and 110 ˚C, the peaks assigned to the boron complex 
keep decreasing and new peaks intensify concurrently, indicating the boron 
complex is intermediate for further conversion. The new peaks can be 
categorized into two groups. By referring to the standard 13C NMR spectra, 
one group of the rising peaks can be unambiguously assigned to the β-anomer 
of NAG. Meanwhile, another group is likely to be assigned to the dimer of 




opening reaction of the α-anomer, since the linear form of NAG is required for 
β-anomer formation. At the same time, this provides a plausible explanation 
for the promotional effect of B(OH)3, as the formation of 3A5AF starts with 
the ring opening of NAG. After heating at 160 ˚C, the color of the sample 
becomes dark black and a forest of peaks appear in the 13C NMR spectrum 
(see Figure 3.12d). The peaks belonging to 3A5AF, 4-(acetylamino)-1,3-
benzenediol and HAc can be tentatively assigned. Levoglucosenone is not 
found possibly due to its low concentration. There are many other peaks in the 
carbon-carbon double bond (100-150 ppm) and unsaturated alcoholic alkane 
range (50-80 ppm), which might be assigned to precursors for chitin-humins 
and other side products. 
 
Figure 3.12 (a) 13C NMR of pure NAG and NAG with B(OH)3 at different 
temperatures. The sample was maintained at each temperature for 1 hour 
before NMR analysis.  denotes the peaks of β-anomer;  denotes the peaks 




the peaks for α-anomer. Note: the peaks at around 23 and 170 ppm are split 
upon the addition of B(OH)3, which may not be obviously seen in the figure; 
(b) 1H NMR spectra of pure NAG and NAG-B(OH)3 at different temperatures. 
Upon the addition of B(OH)3, two peaks disappear which are labeled with a 
red ellipse. The broadening of peaks is probably due to the interaction with 
B(OH)3; (c) 11B NMR of B(OH)3 (solid line) and B(OH)3 with NAG (dash line) 
at room temperature; (d) 13C NMR of the sample in DMSO-d6 after heating at 
160 ˚C for 1h. denotes the peaks for the major product 3A5AF; possibly 
denotes 4-(acetylamino)-1,3-benzenediol; denotes the peaks for HAc. 
 
3.3.2 Chitin conversion in IL 
3.3.2.1 Solvent screening 
10 different ILs with various cations and anions were used, including 
[AMIm]Br, [AMIm]Cl, [BMIm]Ac, [BMIm]BF4, [BMIm]Cl, [BMIm]CF3SO3, 
[BMIm]NTf2, [BMIm]PF6, [EMIm]Cl and [HOEMIm]Cl. Although several 
papers have described the dissolution behavior of chitin in ILs,25, 143-145 
contrary observations were reported possibly because the solubility not only 
depended on the structure of the ILs but also the sources of chitin, purity and 
so on. Thus, a simple solubility test (see Figure 3.13) was conducted before 
the reaction. [AMIm]Br, [BMIm]Ac and [HOEMIm]Cl are able to dissolve 
chitin completely leading to clear solutions. Besides, [AMIm]Cl, [BMIm]Cl 
and [EMIm]Cl can partially dissolve chitin resulting in slightly opaque 
solutions. Nevertheless, [BMIm]PF6, [BMIm]BF4, [BMIm]NTf2 and 
[BMIm]CF3SO3 cannot dissolve chitin. Hydroxyl group functionalized IL, 
[HOEMIm]Cl, exhibited a better dissolution capability than [EMIm]Cl, 
possibly because the incorporation of a hydroxyl group increased the 






Figure 3.13 Solubility test of chitin in different ILs, (a) clear solution of chitin 
in [AMIm]Br, [BMIm]AC and [HOEMIm]Cl; (b) slightly opaque solution of 
chitin in [AMIm]Cl, [BMIm]Cl and [EMIm]Cl; (c) suspensions of chitin in 
[BMIm]PF6, [BMIm]BF4, [BMIm]NTf2 and [BMIm]CF3SO3. 
 
    After the solubility test, blank experiments were conducted by adding chitin 
into the IL solvent at 180 ˚C for 1 h (see Figure 3.14). Surprisingly, 3A5AF 
was observed in [AMIm]Cl, [BMIm]Cl and [EMIm]Cl without any additive; 
whereas no 3A5AF was formed in pure organic solvents even at 225 ˚C.146 
Note that all the three ILs in which 3A5AF was generated all contain Cl anion 
and exhibit partial solubility towards chitin. Nevertheless, [AMIm]Br, 
[BMIm]Ac and [HOEMIm]Cl which are able to completely dissolve chitin 
afforded no product, indicating that solubility is not the determining factor for 
the reaction, but Cl anion seems to be essential. To further substantiate our 
assumptions and screening the solvents, B(OH)3 or CrCl3 were used as the 
additives, which have demonstrated effectiveness in cellulose/chitin 
conversion.147-150 The results were consolidated in Figure 3.14b alongside the 
blank experiments. In all cases, only IL containing Cl- anion formed 3A5AF 




presence of additives, the yields improved remarkably. [BMIm]Cl and 
[EMIm]Cl showed the best performance with around 4.5% yield in the 
presence of B(OH)3 and 2.3% yield with CrCl3. [HOEMIm]Cl produced 1.5 
and 1.1% yield of 3A5AF in the presence of B(OH)3 and CrCl3 respectively. 
However, in [AMIm]Cl, there was no product formation upon adding B(OH)3, 
and the yield in the presence of CrCl3 is comparable to the blank experiment. 
Overall, hydroxyl-functionalized cation-containing ILs were still less active in 
the presence of additives. Possibly the interaction between the functionalized 
cation and chitin chain inhibited the formation of 3A5AF. Based on these 
results, it was concluded that ILs with cations bearing alkyl chains and Cl- as 
the anion were the most suitable solvents for chitin conversion into 3A5AF. 
 
Figure 3.14 (a) Blank experiments for chitin conversion in ILs; (b) chitin 
conversion in ILs with B(OH)3 or CrCl3 additive. Reaction conditions: chitin 





3.3.2.2 Additives Screening 
    [BMIm]Cl was selected as the solvent in the following experiments because 
its performance was good and had the highest yield in blank experiments. For 
the screening of additives, single additives and combinations of additives were 
investigated. 
    A wide range of additives was evaluated, including Group I and Group II 
metal chlorides, other metal chlorides and oxides, acids and alkalis. Chloride 
salts were used because Cl- appears to have a positive influence on the 
conversion. Besides, chloride salts and B(OH)3 have been employed widely 
for efficient conversion of biomass.151-153 100 mol% of the additive (mole 
percentages relative to chitin) was added to 80 mg of chitin at 180 ˚C with a 
reaction time of 1 h, and the results were shown in Figure 3.15. For the alkali 
and alkali earth metal salts, a small increase of the yield from the blank 
experiment (0.9%) to about 1.5% was observed. When using other metal salts, 
Co, Ni and Zn chloride salts led to less 3A5AF than in the blank experiments, 
and MnCl2 and FeCl2 showed comparable yields. Among other salts that led to 
improved reaction performance, AlCl3 gave the highest 3A5AF yield (3.1%). 
AlCl3 is known to react with [BMIm]Cl to form a tetrachloroaluminate species 
bearing Lewis acidity and may thus result in enhanced yield. WO3 was also 
used because it has been reported to promote biomass conversion due to its 
acidity.154 For base and acid additives, the bases did not improve yields which 
were the same situation when using organic solvents.146 However, acids were 
notably effective in the conversions using IL solvents. HCl showed better 
performance than H2SO4 and H3PO4, which can be attributed to Cl- in addition 




B(OH)3 gave the best performance, which was in accordance with previous 
papers. It is believed that B(OH)3 facilitates both the hydrolysis of chitin and 
the dehydration due to its acidity and the coordination with hydroxyl groups to 
form a boron complex.146 In the additive screening, differences could also be 
observed between chitin conversion in ILs and organic solvents. Most of the 
single additives were effective resulting in enhanced 3A5AF yields in ILs, 
whereas only three additives (B(OH)3, HCl and CrCl3) proved effective and 
produced 3A5AF in organic solvents. Also, the main role of Cl- in chitin 
conversion in organic solvents was assumed to be enhancing the solubility of 
chitin without participating in the reaction cycle. In contrast, for the 
conversions in ILs presented herein, solubility was not a fundamental issue 
and it seems likely that the Cl- ions may actually take part in the reaction 
because no 3A5AF was produced without the presence of Cl-. 
    In order to improve the yield, combinations of additives were attempted. As 
B(OH)3 gave the highest yield amongst the single additives, it was fixed as 
one of the additives in the combinations. The results were shown in Figure 
3.15c. The addition of group I and II metal chlorides further increase the 
product yield but not significantly, with CaCl2 showing the best performance. 
On the other hand, the addition of FeCl3 and CrCl3 reduced the yield as 
compared to using B(OH)3 alone. Notably, the combination of B(OH)3 with a 
mineral acid resulted in highest yields. Among the mineral acids, HCl still 
fared the best, achieving 6.2% yield; H3PO4 which is a weaker acid also 
exhibited a comparable performance. It is assumed that the combined 




chitin to its monomers and B(OH)3 aided in the next dehydration step, 
resulting in the enhanced yields. 
 
Figure 3.15 Comparison of yield of 3A5AF by using various additives: (a) 
Metal salts and oxide; (b) Alkalis and acids; (c) alkaline and alkaline earth 
chlorides and their combinations with B(OH)3. Reaction conditions: 180 ˚C, 
[BMIm]Cl (1 g), chitin (80 mg), additive (100 mol% if not stated), 1 h, with or 
without B(OH)3 (400 mol%), 1 h. 
 
3.3.2.3 Optimizations of reaction conditions  
The amount of chitin varying from 30, 50, 80 to 100 mg were investigated 
with the IL solvent fixed at 1 g. 8 wt% was the optimized loading for chitin 
substrate (see Figure 3.16a). The amounts of additives were also optimized 
(see Figure 3.16b & c). First, B(OH)3 was used alone and the optimized 
amount was 400 mol% (molar ratio to the substrate). Then the combination of 
B(OH)3 and HCl was employed with B(OH)3 fixed at 400 mol% and HCl 
varied from 0 to 300 mol%. The addition of HCl promoted the hydrolysis of 
chitin and thus increased the product yield. However, when further increasing 




instability of the product and the additional acid may have facilitated 
decomposition. As a result, the optimum additive amounts were determined to 
be 400 mol% B(OH)3 and 100 mol% HCl, with a 3A5AF yield of 6.2%. 
Temperature was found to be an important factor in chitin conversion when 
using organic solvents. However, the influence of temperature seemed less 
significant in ILs. By varying the temperature from 170 to 200 ˚C, there was 
no significant change in the yield (see Figure 3.16d). Previously, it was 
reported that high temperature favored chitin conversion.146 Elevating the 
temperature to improve the yield may be less effective in ILs because ILs can 
become unstable and decompose at the temperature above 180 ˚C.99 Further 
increases in the temperature were not attempted and the optimal reaction 
temperature was set at 180 ˚C. 
 
Figure 3.16 Effects of (a) chitin amount; (b) B(OH)3 amount; (c) HCl amount 
and (d) temperature on the yield of 3A5AF. Reaction conditions (fixed): 180 





3.3.2.4 Characterization of recovered solids and recyclability test 
The original chitin and recovered solid were characterized by FTIR, XRD 
and EA (see Figure 3.17 & Table 3.2). The detailed interpretations of these 
spectra were given in Session 3.2.3. Similarly, the recovered solid displayed 
insignificant changes in the chemical structure and remained the backbones of 
chitin. However, from the EA analysis, it can be seen that the nitrogen and 
especially the carbon content was higher in the recovered chitin. It was likely 
that carbonization happened and the recovered solid was a mixture of a small 
amount of carbonization product and unreacted chitin.155 To sum up, chitin 
retained its crystalline structure, hydrogen bonding network and chemical 
backbone after the reaction, but carbonization reaction may occur to a small 
extent. 
 
Figure 3.17 (a) FTIR and (b) XRD spectra of chitin and recovered solid after 
the reaction in IL. 
 
Table 3.2 EA results of pure chitin and recovered solid in IL. 
Sample C wt% H wt% N wt% 
Pure chitin 47.2 6.40 6.89 





The recyclability of [BMIm]Cl with B(OH)3 as the promoter was examined. 
The IL was diluted with water after the reaction to remove the water-insoluble 
parts. The organic compounds were removed by extraction. Finally, 
[BMIm]Cl was regenerated after removing water under high vacuum and 
reused with freshly added B(OH)3 and chitin. A negligible decrease in yield 
was observed after the recycling of IL for 2 times (yields of 3.3%, 3.6% and 
3.4% for three runs). Although decomposition of [BMIm]Cl at 180 ˚C may 
occur,99 it was not severe and most of [BMIm]Cl still function in the recycling.    
 
3.3.2.5 Kinetic study and attempts to improve the yields 
The kinetic profile of this reaction was obtained by varying the reaction 
time from 3 to 120 min (see Figure 3.18). Interestingly, the yield of 3A5AF 
reached 4.1% within 5 min and 5.2% within 10 min, respectively. Compared 
to the kinetic profile of chitin conversion in organic solvents, the dehydration 
rate has been accelerated in ILs and a much higher initial rate was been 
observed. However, after the initial 10 min, the yield increased quite slowly 
and reached a peak value if 6.2% at 60 min. By further prolonging the reaction 
time, the yield began to decrease slightly showing that the product may not be 
stable after 60 min. Therefore, although the use of ILs shows some advantages 
such as the more rapid reaction rate and lower temperature employed, the final 
yield of 3A5AF was not improved. According to the kinetic profile, it is 
reasonable to infer that possible product inhibition occurred during the 
reaction, which could explain the high initial reaction rate and much slower 





Figure 3.18 Kinetic studies of chitin dehydration into 3A5AF in IL and 
organic solvents. Reaction conditions in IL solvent: 180 ˚C, [BMim]Cl (1 g), 
substrate (80 mg), B(OH)3 (400 mol%), HCl (100 mol%); reaction conditions 
in organic solvent: 215 °C, NMP (3 mL), chitin (100 mg), B(OH)3 (400 
mol%), NaCl (200 mol%). 
 
    As a result, extraction and distillation methods were considered for in situ 
product separation which may shift the equilibrium towards the production of 
3A5AF and thus increase the yield. The extraction was achieved by simply 
adding MIBK solvent as an upper layer; this kind of reaction system has been 
reported previously and proved effective in 5-HMF extraction.156 However, no 
product was detected within the MIBK layer after the reaction and the yield 
was not enhanced in the presence of MIBK. This showed that the extraction of 
MIBK as an upper layer could not provide enough driving force to transfer the 
product from the IL layer. Afterwards, reactive distillation, which may have a 
stronger driving force, was employed to separate the 3A5AF product from the 
reaction system. Reactive distillation was attempted by (i) using a high-
vacuum pump, and (ii) constantly passing the MIBK vapour through the IL 
layer, which has been successfully applied for 5-HMF separation and yield 




enter the IL layer offers more chances for drawing out the product than the 
two-phase extraction. Unfortunately, after several attempts, the product was 
not distilled out of the system. These two common methods for 5-HMF 




This chapter describes for the first time direct conversion of chitin into 
3A5AF, opening up a new avenue for generating value-added, renewable 
chemicals bearing nitrogen. In organic solvent (NMP), 3A5AF reached a yield 
of 7.5% from chitin in 2 h under optimal conditions. NMR studies and poison 
tests provided mechanistic insights by confirming the formation of a six-
membered ring boron complex intermediate. Water is detrimental to the 
reaction and its content should be kept below 1%. The entire reaction network 
from chitin to 3A5AF and side products has been established by a combination 
of techniques. Kinetic studies suggest hydrolysis of the crystalline region of 
chitin is likely to be rate-determining, and the product is not stable at high 
temperatures or for elongated reaction times. Instead of organic solvent, IL as 
a green solvent was employed and the highest yield of 3A5AF was 6.2% at the 
reduced temperature of 180 ˚C. Notably, a fast kinetic and reaction rate were 
observed in IL system. The project demonstrated the concept and feasibility of 
chitin biorefinery for N-containing chemicals. Following this work, new 
chemical transformation routes will be established to expand the diversity of 




CHAPTER 4 TRANSFORMATION OF CHITIN AND 
WASTE SHRIMP SHELLS INTO ACETIC ACID AND 
PYRROLE 
4.1 Introduction 
While valorization of cellulose,158-164 lignin165-169 and lipids170, 171 have been 
extensively investigated, chemical transformation of chitin is still at a nascent 
stage.4, 71 To our delight, the potential building block compound 3A5AF has 
been successfully obtained from chitin, demonstrating the concept and 
viability of chitin biorefinery. Nevertheless, it is brand-new and not 
commercially available, which hinders its incorporation into the current 
industrial production lines. So far, there is still much potential to establish new 
chemical transformation routes for chitin. For instance, feasible production 
routes of platform chemicals with direct and wide industrial applications have 
not yet been achieved from chitin. In addition, since some platform chemicals 
(5-HMF, LA, etc.) have been extensively investigated from woody biomass, it 
is desirable to utilize and highlight the structural uniqueness of chitin for 
chemicals, for example, the production of HAc and pyrrole.  
    HAc is one of the most important organic acids with a global production of 
12.9 million tons in 2014.172 In the chemical industry, HAc is mainly 
synthesized by MeOH carbonylation via the Monsanto or Cativa processes.173 
Meanwhile, exploration of new synthetic routes for HAc from alternative 
sources, such as methane174-177 and biomass,178 has received continued 
attention. Pioneering studies on renewable HAc production include using 




conversion of cellulose to 10.5% HAc at 400 ˚C in an alkaline solution with 
H2O2 as the oxidant.180 Subsequently, the yield of cellulose derived HAc was 
improved to 16.3% by a two-step strategy.181 Therefore, current production of 
HAc from lignocellulosic biomass is non-catalytic and suffers from low yield. 
Chitin is a linear polymer comprised of NAG monosaccharide units in 
pyranose ring conformation, linked together by β-glycosidic bonds (see Figure 
4.1). The major difference between chitin and cellulose is the acetyl amide 
group at the C2 position in chitin, in contrast with a hydroxyl group in 
cellulose. As a result, we envisage that chitin is intrinsically more suitable for 
HAc production compared with other types of biomass. The hydrolysis of 
acetyl amide side chain alone could readily lead to 25% yield of HAc, and the 
yield will be enhanced by further decomposition and oxidation of the pyranose 
ring.  
    In the domain of N-heterocyclic compounds, pyrrole represents one of the 
most common core units in many natural products and synthetic drugs, and is 
a valuable building block for biologically active molecules and functional 
materials.182 Synthetic strategies such as the cyclization reaction between 
alkynes and diazenes,183 or between secondary alcohols and amino alcohols,184 
have been developed for its productions. However, pyrrole synthesis directly 
from biomass polymers has not been reported considering the huge structural 
difference between the natural polymers and the product. 
    In this chapter, selective synthesis of HAc from chitin with high yields was 
demonstrated which has not been reported previously. The work showcased 
that chitin is a superior starting material to other major biomass resources for 




presence of O2 in NaOH solution with the temperature range of 235 ˚C to 300 
˚C. 38.1% and 47.9% yields of HAc can be obtained from chitin and raw 
shrimp shells respectively. Apart from HAc, other products were carefully 
identified and examined. The reaction pathways were investigated by control 
experiments, kinetic studies and isotope-labeling tests. It has been proved that 
HAc was initially produced from hydrolysis of acetyl amide, and subsequently 
from the oxidation of intermediate compounds derived from pyranose ring 
fragmentation. Meanwhile, with biologically-fixed nitrogen in chitin, pyrrole 
was formed as the dominant N-containing product in this one-step 
transformation. By supplying extra ammonia, the yield of pyrrole was 6% 
(equal to 12 mol%) under optimal conditions. The new chemistry of pyrrole 
formation from chitin polymer has been discovered herein, which points out 
the possibility of synthesizing important heterocyclic chemicals from 
renewable chitin biomass. 
 
 
Figure 4.1 Two chemical routes for chitin conversion into HAc and pyrrole. 
 
4.2 Experimental 
4.2.1 Chemicals and materials 
Chitin was purchased from Wako Pure Chemical Industry. Cellulose was 




and NaOH was purchased from Merck. LacA, FA, GA, OxA, HIA, HBA, 
NAG, D-glucosamine hydrochloride, H2O2 (30 wt%), 2-acetyl furan, HMDS, 
TFA, pyridine, CuO and other metal oxides were purchased from Sigma 
Aldrich. Pyrrole, furan, 2,5-dimethyl furan, LiOH, KOH, Zn(OH)2, Mg(OH)2 
and Ca(OH)2 were purchased from Sinopharm Chemical reagent company. 
13C-labeled NAG (acetyl amide group labeled) was purchased from Omicron 
Biochemicals Inc. The water content of cellulose (ca. 3 wt%), chitin (ca. 10 
wt%) was determined by comparing the weight difference after drying in an 
oven at 103 ˚C for 12 h. Chromogen III was synthesized following a literature 
procedure.185 1 g NAG was heated and reflux at 140 ˚C for 48 h in 40 mL 
pyridine solvent. The solvent was evaporated and the products were separated 
by column chromatography. The NMR analysis of purified chromogen III is 
shown as below (Figure 4.2). 
 
Figure 4.2 NMR spectrum of purified chromogen III (δ 171.9, 152.6, 132.6, 
124.3, 102.9, 67.4, 63.4, 22.0). 
    Raw shrimp (Penaeus monodon) shells (including back and tail) were 
collected from a common seafood restaurant in Singapore for free. Shrimp 
shell powders were obtained by carefully washing (to remove any flesh 




content of the shrimp shell powder (ca. 10 wt%) was determined by 
comparing the weight difference after drying in an oven at 103 ˚C for 12 h. 
The contents of chitin, CaCO3 and protein in shrimp shells were calculated 
based on dry weight. The chitin content was measured by Black and 
Schwartz’s method.186 CaCO3 was determined as the weight loss after stirring 
the shell powder in excessive 1 wt% HCl solution for 5 h without heating. 
Proteins were measured by a modified literature method187 using the following 
equation: 
P % = (Total nitrogen % – nitrogen in chitin %)*6.25 
    P % refers to the protein percentage. The nitrogen contents in shrimp shell 
powder and in chitin were measured by EA (conducted using an Elementar 
Vario Micro Cube) as shown in the table below. 6.25 correspond to the 
theoretical percentage of nitrogen in proteins. The samples were dried in an 
oven at 70 ˚C overnight prior to EA analysis. 
Table 4.1 EA results of dried chitin and shrimp shell powder. 
 C (wt%) N (wt%) H (wt%) 
Shrimp shell powders 31.7 4.43 6.31 
Chitin 45.6 6.59 6.76 
 
4.2.2 General procedures 
Chitin conversion into HAc was conducted in an autoclave. The autoclave 
with a gas valve was put into a steel holder with insulating jacket heated by a 
hotplate, with the thermal sensor inserted into the steel holder (Figure 4.3). 
The temperature was pre-set to desired value prior to the reaction. In a typical 




NaOH and a stir bar were loaded into the autoclave. In a typical reaction with 
the catalyst and oxidant, 100 mg chitin (4 mmol carbon), 0.5 mmol or 5 mmol 
metal oxides, 5 bar O2 gas, 5 mL 2 M NaOH and a stir bar were loaded. After 
a reaction, the autoclave was taken out and cooled down to room temperature 
with cooling water. The reaction solution was transferred to a volumetric flask 
and diluted to 10 mL. When catalyst was employed, or chitin was not fully 
converted, filtration was conducted to separate the solution and the spent 
catalyst/unconverted chitin. 
 
Figure 4.3 The batch reactor set-up (left), and the tube reactor (right) used in 
the current study. 
 
    Chitin conversion into pyrrole was mainly conducted in a slim tube reactor 
(~1 cm diameter, 1 mm wall thickness, and 5.5-inch length, see Figure 4.3) 
heated by melting salt bath. The tube reactor is made of SUS 316 alloys with 
an internal volume of 5.7 mL. In a typical reaction to form pyrrole without 
ammonia, 40 mg chitin (1.6 mmol carbon) and 2 mL 1 M NaOH solution were 
loaded into the tube reactor and immersed in the salt bath that was preheated 
to the desired temperature. In a typical reaction to form pyrrole with ammonia, 




ammonia solution were mixed together to a total volume of 2 mL as the 
reaction medium (in this case the ammonia concentration was 19 wt%). For 
lower ammonia concentration, a smaller amount of ammonia solution was 
added, and deionized water was employed to ensure the total volume to be 2 
mL. The agitation of solutions was achieved by the mechanical shaking of the 
tube reactor by a robot arm. After reactions, the tube reactors were 
immediately immersed into a water bath to cool down to room temperature. 
Then the reaction solutions were taken out for analysis. 
4.2.3 Product identification 
    HAc, LacA, FA, GA, OxA, C4-1 and C4-5 (see Figure 4.5) were identified 
by GC-MS (an Agilent 7890A GC system with 7693 Autosampler and 5975C 
inert MSD with triple-axis detector) by using a HP-5 capillary column, and 
double confirmed by HPLC (an Agilent 1200 Series LC system with diode-
array detector by using two Agilent Hi-Plex H columns in series with a 
working temperature of 60 ˚C) analysis by comparing retention time and UV 
absorption spectra with authentic standard samples. HPLC method: the mobile 
phase was 0.005 M H2SO4. The flow rate was kept at 0.6 mL/min with a run-
time of 60 min. The wavelength at 210 nm was used to analyze the products. 
Other C4 to C6 organic acids or alcohols were identified by GC-MS analysis. 
Prior to GC-MS analysis, the reaction solutions were freeze-dried and a 
silylation step was applied. The silylation step was as follows: 1 mL of the 
reaction solution was freeze dried in a glass vial. Then, pyridine (700 μL), 
HMDS (700 μL), TFA (60 μL) and a small stirring bar were added. The closed 
vial was put in a water bath at 60 °C for 1 h. After heating, the sample was 




other N-containing compounds were identified by GC-MS (an Agilent 5890 
Series II GC system with 5898B mass spectrometer) by using a HP-Innowax 
capillary column with direct injection of the reaction solutions. Pyrrole was 
also confirmed using the authentic standard by comparing the retention time in 
GC. 
4.2.4 Product quantification 
    The TOC and IC in the liquid phase were analyzed by using a TOC analyzer 
(Shimadzu TOC 5000A). HAc product was quantified on GC-FID (Agilent 
7890A GC with a flame ionization detector) by using BP-5 capillary column. 
After reactions, 1 mL of the solution was acidified by adding 150 μL 37% HCl 
solution. Then the solution was filtered by polyethersulfone membrane filters 
with 0.45 μm pore size prior to GC-FID analysis. Both external calibration 
curve and internal standard (propionic acid) were used to quantify HAc. LacA, 
GA, FA, OxA and HIA were quantified by HPLC analysis using external 
calibration curve. Other C4 to C6 organic acids or alcohols were quantified on 
GC-FID with HP-5 capillary column after freeze dry and silylation, with n-
dodecane as the internal standard. The effective carbon numbers were 
calculated according to the literature.188 Pyrrole was quantified on GC-FID 
with HP-Innowax capillary column by using external calibration curve (direct 
injection). The yields of other N-containing chemicals were estimated by using 
the relative peak area ratio to pyrrole. The yields of all products were 
calculated based on carbon yield. Unconverted chitin was collected by 
centrifugation, washing for three times with deionized water and dried in an 





The amount of NH4+/NH3 in the reaction solution was determined according 
to HJ 536-2009 standard procedure.189 The colorimetric reagent was prepared 
as follow: 5 g salicylic acid and 5 g sodium potassium tartrate were dissolved 
in 16 mL 2 M NaOH solution and then diluted to 100 mL in an amber 
volumetric bottle by adding deionized water. This colorimetric reagent was 
prepared and kept as a stock solution, whereas 10 g/L sodium nitroprusside 
solution was freshly prepared every time before use. A series of diluted 
ammonium chloride solutions and deionized water (blank control) were 
employed as standards to plot calibration curve. For analysis, 4 mL of standard 
solution or 100-fold diluted sample solution was well mixed with 0.5 mL of 
the colorimetric reagent and 2 drops of prepared sodium nitroprusside solution, 
and then 1 drop of sodium hypochlorite solution (effective chlorine 0.35 wt%). 
The UV-Vis absorbance of the solution was then detected at 697 nm after 1 h, 
using a Shimazu 3600 UV-Vis spectrometer 
4.2.5 Catalyst synthesis 
    BM CuO was obtained on a planetary ball mill machine (PM 100 CM, 
Retsch) with a chamber volume of 125 mL at 650 rpm for 30 min (10 min 
grinding per 5 min rest, 3 cycles). The material of the chamber and the balls 
was ZrO2. CuO NLs and CuO MSs were synthesized following literature 
procedures.190, 191 CuO/TiO2, CuO/CeO2 and CuO/HAP were synthesized by 
incipient wet impregnation method. Cu(NO3)2 was employed as the precursor 
and dissolved in the constant volume of water. The impregnated catalysts were 
dried in an oven at 70 ˚C overnight and then calcined in air at 400 ˚C for 4 h. 




centrifugation, washing for three times with deionized water, and then dried in 
an oven overnight.  
4.2.6 Characterizations 
    Unconverted chitin recovered after the reaction was analyzed by XRD 
(Bruker D8 Advanced Diffractometer with Cu Kα radiation at 40 kV). FTIR 
for unconverted chitin solid was conducted on a Bio-Rad FTS-3500 ARX 
instrument. GPC analysis was carried out with a system equipped with a 
Waters 2410 refractive index detector, a Waters 515 HPLC pump and an 
Agilent PL aquagel-OH Mixed-H column using water as an eluent at a flow 
rate of 1 mL/min at 25 °C. The Cu-based catalysts were analyzed by XRD to 
confirm the CuO phase, whereas XPS were recorded on a VG Escalab MKII 
spectrometer, using a mono Al Kα X-ray source (hν = 1486.71 eV, 5 mA, 15 
kV). The calibration was done by setting the C 1s peak at 284.5 eV. SEM 
images were taken with a JSM-6700F field-emission microscope.  
4.2.7 Isotope labeling tests 
13C-labeled NAG (acetyl amide group labeled) was used for isotope labeling 
tests. 100 mg 13C-labeled NAG (4 mmol carbon), none or 5 mmol metal 
oxides and 5 bar O2 gas, 5 mL 2 M NaOH and a stir bar were loaded into an 
autoclave. After the desired reaction time at a pre-set temperature, the 
autoclave was taken out and cooled down to room temperature by cooling 
water. The reaction solution was freeze dried. Part of the sample was silylated 
for GC-MS analysis and a second part was dissolved in D2O for NMR analysis. 
NMR was conducted on a Bruker ultrashield 400 plus spectrometer by using 




4.3 Results and Discussion 
4.3.1 Product identification of chitin conversion in alkaline water 
We first tested the reaction behavior of chitin in 2 M NaOH for 35 min at 
300 ˚C in an autoclave under oxidant-free conditions. A yellow, transparent 
solution was obtained after the reaction, indicating complete conversion of 
chitin into soluble products (Figure 4.4). TOC suggested over 90% carbon 
remained in the liquid phase. Via elaborated analysis using combined 
instrumentations, > 60% of carbon distributed across more than twenty 
products were identified. Among these HAc was the most dominant with a 
yield of 23.5%, followed by LacA (14.9% yield) (Figure 4.5a). A series of 
other organic chemicals, mainly acids, were also identified, including FA 
(4.8%), GA (2.3%), OxA (0.6%), C4 compounds (4.8%), C5 compounds (0.6%) 
and C6 compounds (1.1%) (structures shown in Figure 4.5c). 3.4% of the 
carbon in solution stayed in inorganic form. Besides, a range of N-containing 
compounds with combined yields of 3.9% was observed with pyrrole being 
most abundant (Table 4.2). When starting with NAG (monomer of chitin), 
glucosamine (deacetylated NAG), glucose (monomer of cellulose), and 
cellulose, only NAG gave high yield of HAc under the same condition (Table 
4.3), suggesting the acetyl amide group on the side chain is associated with the 






Figure 4.4 The reaction mixtures (a) before and (b) after reaction. Reaction 
conditions: 100 mg chitin (4 mmol carbon), 5 mL 2 M NaOH solution, 300 ˚C 
for 35 min; (c) the solution after reaction with catalyst and oxidant. Reaction 




Figure 4.5 The product distributions for chitin conversion (a) in the absence 
of oxidants; (b) in the presence of 5 mmol BM CuO and 5 bar O2. Reaction 
conditions: 100 mg chitin (4 mmol carbon), 5 mL 2 M NaOH solution, 300 ˚C, 
35 min; (c) the structures of identified organic products. N-containing 






Table 4.2 Various N-containing chemicals identified by GC-MS.a 























a The area percentage was calculated by using the specific area of each 
chemical to divide the total areas of all the N-containing products. 
 


















Glucose 3.60 25.4 2.68 3.88 1.14 1.40 N.D. N.D. 
Glucosamine 2.12 14.2 2.83 3.11 3.59 1.34 0.143 N.D. 
NAG 32.6 10.6 4.93 5.53 1.35 2.89 0.212 N.D. 
Cellulose 3.21 16.8 5.83 1.58 3.02 5.71 3.10 3.60 
Reaction conditions: 4 mmol substrate (carbon basis), 5 mL 2 M NaOH 
solution, 300 ˚C for 35 min. N.D. means “not detectable”. 
   
    The evolution of major products was followed during chitin conversion 
(Figure 4.6a). HAc, LacA and FA were generated in parallel, along with the 




chitin was fully consumed whereas the yields of HAc, LacA and FA reached 
plateaus. GPC was employed to monitor the MW evolution of the liquid 
solution in the first 25 min. In GPC analysis, compounds with larger MWs 
will elute earlier. The retention time of NAG is at 11.37 min. The solutions 
after the reaction for 5 and 10 min have a retention time at about 11.2 min, 
while the retention time shifted to around 11.4 min with prolonged reaction 
period. It indicates the presence of larger molecules, likely oligomers, in the 
early stage of reaction and the decomposition of them with a prolonged period 
(Figure 4.6b). Unconverted solid was isolated from the system after 5, 10, 15, 
and 25 min respectively, and all of the samples fully retained chitin structure 
as suggested by XRD (Figure 4.6c) and FTIR (Figure 4.6d). 
 
Figure 4.6 (a) Kinetic profiles of chitin conversion in alkaline water; (b) GPC 
(c) XRD and (d) FTIR spectra of NAG standard and reaction solutions with 
various reaction periods. Reaction conditions: 100 mg chitin (4 mmol carbon), 





4.3.2 Catalytic, oxidative conversion of chitin and shrimp shell  
In an attempt to further enhance HAc yield, different oxidants were 
employed as additives (Figure 4.7a). WO3 and Fe2O3 were not effective, while 
others exhibited positive effects following the order of H2O2 < V2O5 < CuO < 
CeO2. Since CuO was only slightly less effective than CeO2 but significantly 
cheaper, it was selected for further optimization. CuO powder was ground by 
ball mill (termed as BM CuO). This immediately led to enhanced HAc yield of 
32.3% (Table 4.4), which can be explained by the decrease in CuO particle 
size after ball mill treatment (see XRD patterns in Figure 4.7b, BM CuO 
displayed broadened peaks). According to XPS and XRD analysis, CuO acted 
as a stoichiometric oxidant that was converted into Cu2O (Figure 4.8). We 
next targeted to develop the reaction into a catalytic mode by introducing 5 bar 
of O2 gas as the oxidant, assuming that O2 could oxidize Cu2O back to CuO to 
complete a catalytic cycle. HAc yield was further enhanced to 38.1% (Table 
4.4), and much narrower product distribution was observed (Figure 4.5b). In 
addition to HAc, FA (7.1%) and OxA (5.0%) exhibited pronounced increases 
in yields, while the yield of LacA dropped drastically from 14.9% to 1.6%, C4 
acids from 4.8% to 0.9%, and C5 and C6 acids were no longer detected. In 
XPS spectra, peaks for BM CuO were broad and contained satellite peaks 
which was characteristic for divalent copper (Figure 4.8a). CuO was converted 
into Cu2O after the reaction when oxygen was absent, as evidenced by the 
disappearance of satellite peaks. With added O2, the XPS spectrum of BM 
CuO after the reaction was nearly identical with unreacted BM CuO, 
indicating its catalytic role. XRD data were in full agreement with XPS 




addition, the catalyst before and after the reaction have been characterized by 
SEM (Figure 4.9). BM CuO showed irregular shapes at low magnifications 
and layered structures at high magnifications. After the reaction, some 
octahedral shaped CuO particles were formed. The change of morphology 
indicated that CuO was actively involved in the reaction.  
 
Figure 4.7 (a) Improved HAc yields by using different oxidants. Reaction 
conditions: 100 mg chitin (4 mmol carbon), none or 2 mmol oxidant in 5 mL 2 
M NaOH solution, 300 ˚C for 25 min. The yield without oxidant is 22.9%; (b) 
XRD analysis of CuO and BM CuO. 
     
Table 4.4 Oxidative conversions of chitin and shrimp shell into HAc. 
Substrate Catalyst & oxidant Ratioa T (˚C) t (min) HAc% 
Chitin none - 300 35 23.5 
Chitin CuO 1.25 300 35 28.2 
Chitin BM CuO 1.25 300 35 32.3 
Chitin BM CuO + O2b 1.25 300 35 38.1 
Chitin BM CuO + O2b 0.125 300 35 32.6 
Chitin BM CuO + O2b 0.125 235 90 35.1 
Shrimp BM CuO + O2b 1.25 300 35 47.9 
Shrimp BM CuO + O2b 0.125 235 90 47.1 
a The ratio refers to the mole of CuO catalyst to the mole of carbon in chitin in 
the substrate; b 5 bar. Reaction conditions: 100 mg chitin (4 mmol carbon) or 






Figure 4.8 (a) XPS Cu 2p spectra and (b) XRD patterns of BM CuO before 
and after reaction (both in the presence and absence of 5 bar of O2). 
 
 
Figure 4.9 The SEM images of (a), (b), (c) BM CuO; and (d), (e), (f) BM 
CuO after reaction. Reaction conditions: 100 mg chitin (4 mmol carbon), 5 
mmol BM CuO, 5 bar O2, 300 ˚C in 5 mL 2 M NaOH solution. 
 
The recyclability test of CuO catalyst has been conducted. The recycling can 
be easily achieved by filtration since the formation of insoluble humins is 
negligible after the reaction. The HAc yields from the 1st cycle to the 4th cycle 




potential of the catalyst for long-term use. A series of CuO catalysts including 
CuO nanoleaves,190 CuO microspheres,191 CuO/TiO2, CuO/HAP and 
CuO/CeO2 were prepared and evaluated (XRD data shown in Figure 4.10a). 
Over CuO/TiO2 catalyst and 5 bar of O2 gas, 35.3% HAc was obtained within 
60 min even when CuO amount was reduced by a factor of 10, highlighting 
the potential for catalyst design (Table 4.5). Again, CuO acted as a catalyst 
that was recovered back to CuO after the reaction (Figure 4.10b). 
 
Figure 4.10 (a) XRD analysis of the synthesized catalysts. The peaks assigned 
to crystal CuO (were labeled by filled circles. All of the catalysts were 
successfully synthesized and CuO was formed; (b) XPS spectra of CuO/TiO2 
before and after reaction. Reaction conditions: 100 mg chitin (4 mmol carbon), 
0.5 mmol CuO/TiO2, 300 ˚C for 35 min in 5 mL 2 M NaOH solution.  
 
Table 4.5 HAc yields for chitin conversion under different types of CuO 
catalysts. 
Entry Substrate Catalyst Time (min) HAc % 
1 Chitin CuO NLs 35 31.2 
2 Chitin CuO MSs 35 29.8 
3 Chitin CuO/CeO2 35 28.7 
4 Chitin CuO/HAP 35 29.9 
5 Chitin CuO/TiO2 35 33.6 
6 Chitin CuO/TiO2 60 35.3 
Reaction conditions: 100 mg chitin (4 mmol carbon), 0.5 mmol catalyst (CuO 




     Up to this point, only commercially available, purified chitin has been used 
as the starting material. It is a refined product extracted from crustacean shells 
via multiple steps. We do not see it as an economically viable starting point 
for HAc synthesis, unless cheap methods of extracting chitin from crustacean 
shells can be developed in the future. As such, the applicability of the process 
to untreated tiger shrimp shell powder (Penaeus monodon, values ca. 0.1 
USD/kg)4 consisting of 24.4% chitin, 17.5% protein and 43.2% CaCO3, was 
tested. HAc yield, on chitin basis, reached a remarkable 47.9% in 2 M NaOH 
at 300 ˚C in the presence of BM CuO and O2 after 35 min. A comparable yield 
(47.1%) can be obtained in 90 min when the temperature was reduced to 235 
˚C. The HAc yield is higher over raw shrimp shells than purified chitin, 
indicating some carbon present in protein may contribute to HAc formation. 
Product separation is often an issue for biomass-derived chemicals. HAc has a 
higher boiling point than water so that conventional purification by distillation 
will be energy intensive. Therefore, we envisage membrane separation 
(pervaporation, etc.) to be a potentially viable solution that is efficient and 
cost-effective.192-194 
 
4.3.3 Isotope labeling tests 
    The relative ratio of HAc coming from the amide side chain and the 
pyranose ring was quantified using acetyl group labeled NAG (both carbons 
on carbonyl group and on methyl group were labeled by 13C) with GC-MS 
analysis. When unlabeled NAG was employed, the main peak of silylated 
HAc was located at m/z 117 (Figure 4.11a). When isotope-labeled NAG was 




the peak at m/z 119 was predominant, indicating HAc was almost exclusively 
generated from the hydrolysis of acetyl amide group at the initial stage of 
reaction (Figure 4.11b). After 25 min in the presence of catalyst and oxidant 
(see Figure 4.11c), both signals at m/z 117 and m/z 119 were pronounced, 
with a ratio close to 0.4. This ratio translates to 60% HAc generated from the 
side chain and 40% from the C6 pyranose ring. Besides, the sole role of the 
acetyl amide on 13C1,2-labeled NAG is to form HAc, since HAc was the only 
13C enriched species identified by NMR and GC-MS (Figure 4.12) analysis. 
 
Figure 4.11 MS spectra of silylated HAc from (a) unlabeled NAG reacted for 
25 min without catalyst; (b) 13C-labeled NAG reacted for 5 min without 
catalyst; (c) 13C-labeled NAG reacted for 25 min with 5 mmol BM CuO, 5 bar 
O2. 13C-labeled atoms were denoted by *. Reaction conditions: 100 mg 






Figure 4.12 (a) NMR spectrum of the liquid solution after reaction using 
acetal group 13C-labeled NAG; (b) and (c) MS spectra of LacA from unlabeled 
and 13C-labeled NAG; (d) and (e) MS spectra of 2-hydroxybutanoic acid from 
unlabeled and 13C-labeled NAG. Reaction conditions: 100 mg unlabeled or 
13C-labeled NAG (4 mmol carbon), 5 mmol BM CuO and 5 bar O2, 5 mL 2 M 
NaOH solution, 300 ˚C for 25 min. 
 
4.3.4 Reaction pathway illustration  
Chitin monomer NAG was employed under milder conditions without 
catalyst/oxidant to trap intermediate species. After treating for 5 min in 2 M 




amide chain is the first step. After 10 min, the yield of compound C6-1–an 
alkaline degradation product of glucose178–significantly increased. Some C3 
and C4 compounds were also identified (structures shown in Figure 4.13a). 
They were derived from glyceraldehyde and erythrose which are common 
intermediates in the retro-aldol reaction of glucose.195-197 These pieces of 
evidence suggest the formation of glucose as a secondary intermediate from 
the deamination of glucosamine, which was further transformed into C6-1 or 
fragmented into a series of C2-C5 chemicals such as LacA. A UV-Vis 
protocol198 was employed to quantify the amount of deaminated ammonia 
(Figure 4.13b). As expected, a considerable portion of glucosamine underwent 
deamination. According to the quantification, about 30% of nitrogen was 
found in solution as NH4+/NH3 after the reaction at 120 ˚C for 10 min. The 
situation in the presence of 5 mmol CuO and 5 bar O2 gas was also examined 
when using chitin as the substrate at 300 ˚C for 35 min, up to about 80% of the 
nitrogen was found in solution as NH4+/NH3. In addition, C4-7 and C4-8 point 
out a side reaction pathway which is the direct cleavage of glucosamine 
instead of deamination. The co-existence of C4-7 and C4-8 also suggested the 
presence of Cannizzaro reaction, while C4-6 is a branched product which may 
be derived via rearrangement reaction. Reactions of NAG were further 
conducted at 200 ˚C and 300 ˚C (Figure 4.13c). The GC-MS chromatogram at 
200 ˚C for 5 min highly resembled the chromatogram at 120 ˚C for 30 min, 
confirming the reaction pathways remained unchanged at higher temperatures 
despite of accelerated reaction rate. b) Reaction conditions: 100 mg NAG (4 





Figure 4.13 (a) identified chemicals on GC-MS by using NAG monomer as 
the substrate and GC spectra of NAG reactions at different times; (b) the 
presence of NH4+/NH3 as indicated by the color change from yellow to green; 
(c) GC spectra of NAG reactions at elevated temperatures. Reaction 
conditions: 100 mg NAG (4 mmol carbon), 5 mL 2 M NaOH solution at 
various temperatures for different times. 
 
    By comparing the reaction in the presence and absence of O2 and catalyst, 
we suspect that a number of C3-C6 intermediate compounds can be converted 
into HAc through a catalytic oxidation pathway. To verify this, LacA was 
treated with BM CuO catalyst and O2 gas, whereupon a gradual increase of 
HAc in a period of 35 min was indeed observed. In fact, compounds C4-1 and 
C4-4 can also be transformed into HAc (in yield of 13.7% and 8.8% 
respectively) under oxidative conditions. Based on these observations, the 
reaction network of chitin conversion in alkaline water has been proposed 
(Figure 4.14). Chitin is depolymerized, deacetylated and deaminated into 




reaction pathways involving a number of reactions such as retro-aldol 
condensation, isomerization, deamination, oxidation, Cannizzaro reaction and 
benzilic acid rearrangement, are entangled forming a highly complex reaction 
network. Many intermediate species are not stable under catalytic oxidative 
conditions so that the product stream gradually converges into several stable, 
simple organic acids as the reaction progresses. 
 
Figure 4.14 Proposed reaction networks of chitin conversion into HAc and 
other organic acids. Solid line: plausible pathway with experimental evidence; 
dash line: speculated pathway. 
 
4.3.5 Formation of N-containing compounds in chitin conversion 
After chitin conversion in 2 M NaOH at 300 ˚C in the absence of 
catalysts/oxidants, a variety of N-containing compounds were detected by GC-
MS, including pyrrole and its derivatives, pyrazine derivatives, pyridine 




Since these N-containing compounds were not stable under applied reaction 
conditions, a slim tube reactor (diameter ~1 cm) using melting salt as the 
heating source was subsequently employed, where the reaction mixture could 
reach the desired temperature within seconds. Parameters such as the species 
and concentration of alkali (see Figure 4.15a & b), reaction temperature and 
time (see Figure 4.15c) were optimized. The major findings include: 1) pyrrole 
formation is favored at high temperature (in the range of 250 ˚C to 325 ˚C); 2) 
Group I bases perform far better than other bases, of which 1 M NaOH was 
most suitable; 3) the reaction kinetics is very fast (maximum yield of pyrrole 
reached within 5 min). Nevertheless, the pyrrole yield is no more than 2% 
after optimization.  
 
Figure 4.15 Effects of (a) base concentration; (b) base species; (c) temperature 
and time and (d) ammonia concentration on the yield of pyrrole product. 
Reaction conditions: 40 mg chitin (1.6 mmol carbon), 2 mL base solution, at 





We realized that the nitrogen inherently presented in chitin may not be 
adequate for pyrrole formation. Therefore, ammonia as an external nitrogen 
source was introduced, and the yield of pyrrole improved accordingly with 
increasing ammonia concentration (Figure 4.15d). After further optimization 
of reaction temperature (Table 4.6), 6% pyrrole was obtained from chitin after 
only 1 min at 325 ˚C. Note that 6% refers to carbon yield; it translates to 12 
mol% yield considering every NAG unit in chitin (which contains 8 carbon 
atoms) could only be converted into one pyrrole (which contains 4 carbon 
atoms). Currently, the yield was insignificant. However, in industry, pyrrole is 
normally synthesized via multiple steps when employing petroleum as the 
carbon source: the first step is steam cracking of naphtha into 1,3-butadiene in 
ca. 5% yield (750-900 ˚C).199 1,3-butadiene can then be converted to furan 
with < 40% yield (90-120 ˚C or 480-590 ˚C, depending on the catalyst).200-202 
Finally, the reaction between furan with ammonia leads to 90% yield of 
pyrrole (350-400 ˚C).203 Another industry route for pyrrole production via the 
catalytic dehydrogenation of pyrrolidine involves even more steps. The overall 
yield is calculated to be around 3% starting from naphtha. Therefore, despite 
the low yield of pyrrole developed in our single step conversion, it is not 














1 250 0.810 
2 275 2.23 
3 325 5.15 
4 335 4.64 
5 365 4.38 
Reaction conditions: 40 mg chitin (1.6 mmol carbon), 2 mL 1 M NaOH 
solution, 19 wt% ammonia, 5 min. 
     
    It is well established that furanic compounds can be generated from 
polysaccharides in water.146, 160, 204 Plausibly, pyrrole is formed via chitin 
derived furanic compounds, by exchanging oxygen with nitrogen on the ring. 
To verify this, several compounds including furan, acetyl furan, chromogen III 
and 2,5-dimethyl furan (structures shown in Figure 4.16a) were reacted with 
base and ammonia in water (see Figure 4.16b for GC-MS analysis). Furan can 
be transformed into pyrrole but only under harsh reaction conditions (325 ˚C, 
5 min). In sharp contrast, acetyl furan was converted into acetyl pyrrole at 250 
˚C after only 2 min. After 5 min at 325 ˚C, the peak for acetyl pyrrole 
decreased whereas the peak for pyrrole arose. Pyrrole was also observed 
starting from chromogen III at both 523 and 325 ˚C but not from 2,5-dimethyl 
furan. Based on these, a possible pathway for pyrrole formation was proposed 
(Figure 4.16c). NAG monomer released from chitin hydrolysis undergoes 
dehydration to afford a furanic compound with similar structure as chromogen 
III. Subsequently, oxygen-nitrogen exchange occurs, affording 2-acetyl 





Figure 4.16 (a) The structures of furanic compounds employed as model 
compounds  for pyrrole pathway investigation; (b) GC-MS analysis of reaction 
solutions starting from different furanic compounds. Reaction conditions: 40 
mg chitin (1.6 mmol carbon), 2 mL 1 M NaOH solution, 19 wt% ammonia. 1. 
acetyl furan at 250 ˚C for 2 min; 2. acetyl furan at 325 ˚C for 5 min; 3. 
chromogen III at 250 ˚C for 5 min; 4. chromogen III at 325 ˚C for 5 min; 5. 
furan at 250 ˚C for 5 min; 6. furan at 325 ˚C for 5 min; 7. 2,5-dimethyl furan 
at 325 ˚C for 5 min; (c) proposed reaction pathway of pyrrole formation. 
 
4.4 Conclusion 
In summary, the present work exemplifies the possibility of chitin 
valorization to widely utilized platform chemicals such as HAc with high 
yields via simple, non-noble metal catalyzed processes. Encouragingly, HAc 
could also be generated in high yield of 47.9% from untreated shrimp shell 
powders which are low-cost shellfish waste. A catalytic system employing 
oxygen as oxidant was established, and the HAc yield obtained here is the 
highest among the synthesis routes of HAc from renewable biomass resources. 
Meanwhile, one step production of pyrrole from biomass polymer was 






CHAPTER 5 ACID-CATALYZED CHITIN LIQUEFACTION 
IN ETHYLENE GLYCOL 
5.1 Introduction 
    In order to achieve an economically feasible biorefinery, it is essential to 
build up diversified, high-value bio-product chains. Therefore, besides the 
readily obtained chemicals from chitin (3A5AF, HAc, pyrrole, etc.), it is still 
indispensable to exploit new chemical routes for new types of useful 
chemicals. Among the various transformation strategies for lignocellulosic 
biomass, liquefaction process205, 206 is a simple and effective method to 
convert solid biomass into liquid polyols or aromatics which can be directly 
used to produce value-added polymers.207-211 So far, the liquefaction process is 
largely limited to land-based lignocellulosic materials,212, 213 whereas the 
expansion for processing chitin biomass into new-type chemicals is desirable 
and beneficial. Previously, cellulose was liquefied to produce polyols, and 
further transformed into PUFs214 and other materials.215, 216 It is not 
unreasonable, then, to speculate that the liquefaction process established for 
cellulose is applicable to chitin utilization, through which chitin can be 
transformed into small molecules bearing both hydroxyl and amine/amide 
groups. With multiple functionalities, these intermediate compounds may have 
unique properties and can be potentially processed into not only PUFs but also 
polyamides. We envisage that the establishment of chitin liquefaction will 
contribute to the current scheme of NAG/chitin utilization,217-221 providing a 




Liquefaction process is usually conducted under atmospheric pressure at 
elevated temperatures by using polyhydric alcohols as the solvent and acids as 
the catalyst.222, 223 Under the catalysis of acids, the polymer chain is 
solvolyzed and depolymerized by the solvent molecules. Liquefaction of 
cellulose,224 lignin,225, 226 and even wood227 has already been reported using 
PEG,228 EG229 or Gly230 as the solvent.231 For acid-catalyzed liquefaction, the 
temperature used is usually between 150 and 170 ˚C with liquefaction 
efficiency from 60 to 100% for various lignocellulosic biomass substrates. 
H2SO4 is the most commonly used acid catalyst. It is reported that cellulose 
liquefaction in EG at 150 ˚C catalyzed by H2SO4 afforded mainly EG-
glucosides and its decomposed compound 2-hydroxyethyl levulinate as the 
product. A proposed mechanism suggested that EG-glucosides were formed 
initially through solvolytic reactions, after which decomposition reaction 
occurred to form the major product levulinate esters.224 
    In this chapter, the liquefaction of chitin was conducted by using EG as the 
solvent and various acids as the catalyst. Up to 75% of chitin was successfully 
converted into liquid products at 165 ˚C after 90 min in the presence of H2SO4. 
Product identification showed that the major products are HADP and HAADP 
with a total yield of about 30%. Kinetic studies and NMR analysis of the 
liquefied products have been conducted. Moreover, recovered chitin solid after 
the reaction has been characterized to probe the structural changes during the 
reaction. Finally, a plausible liquefaction mechanism of chitin is proposed 




5.2 Experimental  
5.2.1 Chemicals and materials 
  Chitin was purchased from Wako Pure Chemical Industries. HMDS, TFA, 
pyridine, NAG, D-glucosamine hydrochloride and EtOH were obtained from 
Sigma Aldrich. EG and H3PO4 were purchased from VWR Singapore 
company. H2SO4 was purchased from J. T. Baker. HCl and HAc were 
obtained from Merck. These chemicals and all solvents used in this study were 
of reagent grade and were used as received. 
5.2.2 Characterization 
  XRD was performed on a Bruker D8 Advanced Diffractometer with Cu Kα 
radiation at 40 kV. The calibration of XRD instrument is by using Standard 
Reference Material. The equation for CI calculation is shown below.232  
CI % = (I110 – Iam)/I110 * 100% 
where I110 is the maximum intensity of the diffraction for the (110) plane at 
approximately 2θ = 19.2 ° and Iam is the intensity of the amorphous diffraction 
at approximately 2θ = 12.7 °. 
    FTIR was conducted on a Bio-Rad FTS-3500 ARX instrument. The DA 
was calculated using the FTIR spectra.233 Specifically, the DA is proportional 
to the ratio of A1660/A3450, where Ai is the area of the peak at wavenumber i. In 
order to prevent the error from drawing the baselines, original chitin was used 
as a reference, which has 99% DA as demonstrated previously.220 1D and 2D 
NMR analysis were performed on a Bruker ultrashield 400 plus spectrometer. 




conducted by using TMS as a standard. Solid-state NMR was conducted on 
Bruker Avance 400 (DRX400) with CP/MAS.  
    HPLC separation was achieved by using an Agilent 1200 Series LC system 
with an Agilent Hi-Plex Ca sugar column. The mobile phase was 100% water. 
The flow rate was kept at 0.6 mL/min with a run-time of 20 min at 80 ºC. A 
UV-vis detector setting at 210 nm was used to analyze the product. To isolate 
the major products, 20 injections (each time 20 μl) were performed, and each 
fraction was accumulatively collected. 
5.2.3 NAG reaction procedure 
    In a thick-wall glass tube equipped with a cooling device and a stirrer, 
chemicals were added in the order of EG (1 g), H2SO4 (0.08 g, 8% w/w EG) 
and NAG (0.15 g, 15% w/w EG). The reaction mixture was heated to 120 °C 
and allowed to react for a desired period of time. After the reaction, it was 
cooled down to 0 °C and neutralized with aqueous NaOH (10 wt%). The water 
in the solution was removed by freeze dry. Next, EtOH (15 ml) was added to 
the remaining solid. The salt was removed as an insoluble precipitate by 
centrifugation. Finally, the EtOH solvent was removed on a rotary evaporator 
to obtain the products. 
5.2.4 Chitin liquefaction procedure 
Chitin liquefaction process is summarized graphically in Figure 5.1 and is 
executed as follows. In a thick-wall glass tube equipped with a cooling device 
and a stirrer, chemicals were added in the order of EG (2 g), H2SO4 (0.16 g, 8% 
w/w EG) and chitin (0.3 g, 15% w/w EG). The reaction mixture was heated to 
165 °C and allowed to react for a desired period of time. Chitin is more 




After the reaction, the tube was cooled down to 0 °C and neutralized with 
aqueous NaOH (10 wt%). For product identification, fractionation procedures 
were taken. To obtain unreacted chitin, the solution was centrifuged at 7500 
rpm for 4 min. The residual solid (Fraction A) was sequentially washed and 
centrifuged with water (Note: dioxane is also effective) solution (20 ml), and 
dried in an oven at 80 ˚C for 12 h. Meanwhile, the supernatant was evaporated 
and EtOH (20 ml) was added, and the salts from neutralization were removed 
by centrifugation. Next, the EtOH solution was removed on a rotary 
evaporator and THF was added to purposely remove the large amount of EG 
solvent. Upon the addition of THF, two layers formed with THF as the upper 
layer and brown oil as the lower layer. The upper THF layer was evaporated to 
obtain a yellow solution denoting as Fraction B. The brown oil was collected 
and denoted as Fraction C. In further analysis, it proves that the solvent has 
been largely concentrated in Fraction B. For the calculation of chitin 
conversion, the method was the same as mentioned in previous chapters. 
 





5.2.5 Silylation procedure and quantification 
    Products from chitin liquefaction and NAG reaction were identified with 
GC-MS. GC-MS was performed on an Agilent 7890A GC system with 7693 
Autosampler, 5975C inert MSD with triple-axis detector and an Agilent HP-5 
column. To identify polyols on GC-MS, silylation was used to derivatize the 
hydroxyl groups of the products to trimethylsilyl groups to make them 
thermally stable.234 A general procedure was as follows: in an analytical vial 
(1 ml), product mixture to be analyzed (40 mg), pyridine (700 µl), 
hexamethyldisililazane (700 µl), TFA (60 µl) and a small stir bar were added. 
The closed vial was put in a water bath at 60 °C for one hour. After the 
silylation, a portion of the reaction mixture (250 µl) and diethyl ether (750 µl) 
were mixed together and analyzed by GC-MS. Since the major products 
HADP and HAADP were not commercially available, the quantification was 
conducted on an Agilent 7890A GC with a FID and Agilent HP-5 column by 
employing n-dodecane as the internal standard. The yield was calculated by 
using the effective carbon numbers.235 
5.3 Results and discussion 
5.3.1 Preliminary work on NAG model compound 
    NAG is the monosaccharide of chitin polymer; an initial attempt by using 
NAG as the substrate simplifies the identification of products and the 
establishment of reaction protocols. The liquefaction of NAG was conducted 
at 120 ˚C. As the products are mainly the high boiling point, thermally-
unstable polyols, direct analysis by GC-MS is not possible. Prior to analysis, 
silylation method was employed to transform these polyols to stable silylated 




EG, its dimer, trimer and tetramer, and further confirmed by a blank 
experiment. There are several major peaks arising in the middle range (7-10.5 
min) of the GC spectrum, which could not be recognized by the MS database. 
Nevertheless, their MS spectra (see Figure 5.2) were carefully examined and 
two compounds, HAADP and HADP, can be assigned satisfactorily. In the 
MS spectra, the peaks labeled in red indicate the fragments bearing silica 
whereas the peaks labeled in black represents fragments without silica.  
 
Figure 5.2 MS spectra of the major products. The relevant fragments which 
are specific for HADP and HAADP are shown in red. Reaction conditions: 1g 
EG, 0.08 g H2SO4 (8% w/w EG) and 0.15 g NAG (15% w/w EG) at 120 ˚C. 
 
    The formation pathways of these peaks were shown in Figure 5.3 & Figure 
5.4, which are in agreement with those of silylated carbohydrates reported 
previously.236 For HAADP, the peak at m/z 553.3 is the molecular peak. By 
losing one of the methyl groups, M-15 peak appeared at m/z 538.3 (see Figure 
5.3). The peaks at m/z 420.2 and 404.2 were resulting from the loss of 
silylated EG moiety. By further losing the trimethylsilanol group, the peaks at 




m/z peaks at 349.2 and 204.1.  A strong peak at m/z 173.1 may be ascribed to 
the silylated acetamido moiety, despite the fragmentation pathway is not clear. 
In a similar way (Figure 5.4), all major peaks in Figure 5.2b can be 
rationalized as fragments from HADP. As a result, the compounds at 8.4, 9.1, 
9.3 min were assigned to HADP, and compounds at 10.2, 10.3 min were 
assigned as HAADP. The multi-peaks are caused by the formation of isomers 
during silylation, which is not uncommon in the silylation of sugars.237 
 
Figure 5.3 Proposed fragmentation pathways for the product HAADP. 
 
 





    To further substantiate the structure of the products, especially the position 
of the EG group, preparative HPLC was used to purify the product, followed 
by NMR analysis. Two major fractions (1 and 2) were collected. The 13C 
NMR spectrum of the fraction 1 was shown in Figure 5.5b, which 
unambiguously confirmed the structure to be HAADP (α-anomer). Compared 
with NAG standard sample (Figure 5.5a), two new peaks arise at 60.66 and 
60.61 ppm, which indicated the formation of an EG-derived compound. The 
C1 signal exhibited a downfield shift from 91.0 ppm in NAG (α-anomer) to 
97.2 ppm in the product, suggesting the EG moiety is connected with C1. 
Fraction 2 contains a mixture of α-anomer and β-anomer from 13C NMR 
spectrum analysis (Figure 5.5c). As such, NMR study is in full agreement with 





Figure 5.5 (a) 13C NMR spectrum of NAG standard; (b) 13C NMR spectrum 
of fraction 1 (HAADP, α-anomer) and (c) fraction 2 after HPLC purification. 
Reaction conditions: 1g EG, 0.08 g H2SO4 (8% w/w EG) and 0.15 g NAG (15% 
w/w EG) at 120 ˚C for 5 min. The inserted magnified figure shows two 





    After successful identification of the liquefied products, reactions with 
durations from 5 to 100 min were carried out by using NAG as the substrate at 
120 ºC. The results (see Figure 5.6) show that HAADP was formed very 
quickly within 5 min. At 10 min, the peaks of HAADP significantly reduced 
and the peaks of HADP increased. With further increase in time, the signals of 
HADP keep climbing gradually. This observation suggested that HAADP was 
produced initially by solvolysis and then the acetyl amide side chain 
hydrolyzed to form HADP. These preliminary tests using NAG provide 
valuable information on product identification and reaction pathway for chitin 
liquefaction. 
 
Figure 5.6 GC spectra of NAG reaction with different reaction times. The 
peaks were labeled and assigned to HAADP and HADP accordingly. Reaction 
conditions: 1 g EG, 0.08 g H2SO4 (8% w/w EG) and 0.15 g NAG (15% w/w 
EG) at 120 ˚C. 
 
5.3.2 Chitin liquefaction 
Chitin liquefaction was conducted in a next step. Different acid catalysts 
were evaluated, including H2SO4, HCl, H3PO4 and HAc at 165 ˚C. The 




complex and inert. Table 5.1 shows the chitin conversion into liquefied 
products with different acids. H2SO4 was most effective—enabling a chitin 
conversion of 63.5%—whereas all other acids resulted in 10-30% conversion. 
This observation is consistent with the previous reports238 that concentrated 
H2SO4 exhibits the highest catalytic ability in lignocellulosic biomass 
liquefaction. It is expected that H2SO4 and HCl to be more effective than 
H3PO4 and HAc, because of their stronger acidity. The relatively lower 
efficiency of HCl is ascribed to the high water content, which may have a 
negative effect on chitin swelling and liquefaction. The optimal acid loading is 
8 wt%, which maintains satisfactory liquefaction efficiency and avoids 
detrimental side reactions due to high loading of acid. 
Table 5.1 Chitin liquefaction by using different acids as the catalyst.a 
Acid H2SO4 HCl H3PO4 HAc 
Conversion (%) 63.5 27.0 15.7 12.4 
aReaction conditions: 2 g EG, 1.6 mmol acid catalyst and 0.3 g chitin at 165 
˚C for 60 min. 
 
    Due to the complexity of chitin liquefaction products, fractionation 
procedures were employed for post treatment. Centrifugation was the first step 
to use, through which unreacted chitin material can be recovered as a solid, 
denoted as Fraction A. After neutralization of the solution and removing the 
salt, the products are further fractionated into two portions by THF, i.e., a 
light-yellow liquid fraction that is THF soluble, denoted as Fraction B, and a 
brown, viscous liquid fraction that is THF insoluble, denoted as Fraction C. 
Under standard conditions (8 wt% H2SO4, 165 ˚C, 1 h), the weight ratio of 
Fraction A, B, and C, roughly, is 1:13:2.5. The total mass of the three fractions 




mostly comprises of EG and EG oligomers 2) EG is chemically bonded to 
fragments from chitin (vide infra). 
3.3.2.1 Fraction A     
Recovered solid (Fraction A) was characterized by XRD, FTIR and solid-
state NMR analysis, and it was identified as unreacted chitin. Figure 5.7 shows 
the XRD pattern of residual chitin with different reaction time, which clearly 
demonstrates the evolution of chitin crystal structure. With the increasing of 
reaction time, the major peak at 2θ = 19°, which represents the (110) plane of 
crystalline chitin decreased dramatically. Table 5.2 shows the calculated CI 
values of recovered solids. The pure chitin has a CI value of 90.3%. After 10 
min reaction, the CI value of chitin was 92.4%, essentially the same as the 
starting material, indicating the crystallinity of chitin didn’t decrease within 
such a short period of time. As the reaction proceeded, an obvious decrease of 
the CI values was observed. Apparently, the crystallinity of chitin dropped 
significantly after the long-time reaction. The chitin crystalline domain is very 
difficult to access due to the strong hydrogen bond network. The XRD 
analysis suggested that our liquefaction process is highly effective in breaking 





Figure 5.7 XRD spectra of chitin residues with different liquefaction times. 
Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C. 
 
Table 5.2 Calculated CI values of chitin residues with different liquefaction 
times.a 
Time (min) 0 10 20 60 90 150 
CI (%) 90.3 92.4 83.5 85.0 79.0 65.5 
aReaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C. 
 
FTIR analysis (Figure 5.8) was used to characterize the residual solids 
collected after different reaction time. The detailed interpretation of FTIR 
spectrum of chitin was provided previously in Chapter 3. Based on the 
analysis, the recovered chitin maintained the chemical backbone of chitin. The 
calculated DA values for recovered solids with different reaction times were 
shown in Table 5.3. Note that some of the results were higher than 100%, 
which is also observed in the literature.233 However, the errors were all within 
5%, and it is not unreasonable to conclude that negligible deacetylation 




amide group happened after depolymerization. Possibly, the liquefaction 
happened from chitin depolymerization and released EG-derived NAG 
monomer or oligomers. Afterwards, the side chain hydrolyzed to form EG-
derived glucosamine.  
 
Figure 5.8 FTIR spectra of chitin residues with different liquefaction times. 
Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C. 
 
Table 5.3 Calculated DA of chitin residues with different liquefaction times.a 
Time (min) 0 10 20 60 150 
DA (%) 99.0 101 99.3 102 104 
aReaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C. Slightly higher values of DA were observed as acceptable 
error. 
 
13C solid-state NMR measurement on fresh chitin and the recovered solid 
sample was conducted to corroborate FTIR and XRD analysis (see Figure 5.9). 
The position and the relative intensity of the peaks are identical between the 




remaining chitin. On the other hand, the peaks become sharper and more 
intensified in the recovered chitin after the reaction, which indirectly reflects 
that the degree of polymerization has decreased after the liquefaction. 
 
Figure 5.9 Solid-state 13C NMR of original chitin and recovered solid. 
Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C for 60 min. 
 
3.3.2.2 Fraction B & C 
Fraction B & C were analyzed by GC-MS and the major products were 
identified in a similar way as described in NAG reaction. As shown in the GC-
MS spectra (Figure 5.10), Fraction B contains mainly the solvent EG, EG 
oligomers and 2-hydroxyethyl acetate which resulted from the hydrolysis and 
liquefaction of acetyl amide group, and also a minor amount of HADP and 
HAADP; Fraction C contains mainly HADP and HAADP products. Both 
HADP and HAADP exhibited a few peaks in the spectra, which is due to the 





Figure 5.10 GC spectra analysis of Fraction B (solid line) and C (dashed line). 
Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C. 
 
In order to obtain the kinetic profile, both Fraction B and C samples with 
different reaction time were analyzed by GC-FID. Figure 5.11 shows the 
chitin conversion, yields of HADP and HAADP with different reaction time. 
25% of chitin was liquefied within the first 10 min. Afterwards, the rate 
became slower and the conversion reached a maximum of 75% within 90 min. 
Further prolonging the reaction time beyond 90 min didn’t result in any 
improvement of conversion, despite the fact that the chitin crystallinity kept 
decreasing. In the literature, liquefaction of woody biomass is often featured 
by a rapid rate within the first 30 min and then a much slower rate239, 240, 
because the amorphous region of biomass converts much faster which leads to 
high initial liquefaction rate. In chitin liquefaction, the situation is more 
complicated. The kinetics showed that HADP was the major product with a 




which readily reacts with H2SO4. As such, the catalytic system deactivates as 
HADP accumulates with time. 
 
Figure 5.11 Chitin conversion and HADP and HAADP yields with different 
reaction times. Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 
0.3 g chitin (15% w/w EG) at 165 ˚C. 
 
    1D and 2D NMR analysis was conducted on Fraction C by using samples 
after 60 and 90 min reaction. 1H and 13C NMR spectra are shown in Figure 
5.12a & b. The most prominent peak in 1H and 13C NMR spectra was assigned 
to EG, the solvent of liquefaction, which was not completely removed in the 
fractionation procedure. EtOH and THF peaks were also observed. In addition 
to these, a number of peaks appeared between 50-80 ppm in the 13C NMR 
spectra. Correspondingly, a series of peaks between 3-4.2 ppm in 1H NMR 
spectrum were observed. These peaks were ascribed to the liquefied products 
HADP and HAADP. The CH-OH groups from pyranose structure usually 
showed similar signals in this range.220, 224 2D HMQC NMR was conducted in 
an attempt to obtain more information, but the peaks from EG and its 





Figure 5.12 (a) 1H NMR spectra of 60 and 90 min samples; (b) 13C NMR 
spectra of 60 and 90 min samples. The signals from EtOH and THF were 
labeled; (c) 2D HMQC NMR spectrum of Fraction C (magnified figures). 
Reaction conditions: 2 g EG, 0.16 g H2SO4 (8% w/w EG) and 0.3 g chitin (15% 
w/w EG) at 165 ˚C for 60 min. 
 
5.3.3 Proposed mechanism for chitin liquefaction 
    The mechanism of cellulose liquefaction has been proposed previously.213, 
241 It was assumed that EG-derived glucose units were formed initially and 
then decomposition happened, affording levulinate ester. The first step in 
chitin liquefaction is the depolymerization of chitin polymer chain by EG to 
produce the EG-derived NAG units (HAADP), which is comparable to the 
behavior of cellulose. However, decomposition of HAADP was not observed. 
Instead, the acetyl amide group hydrolyzed to form HADP. Such a two-step 
reaction scheme, i.e., the formation of HAADP via solvolysis followed by 




deacetylation occurred on the polymer chain in the FTIR spectra of recovered 
chitin, demonstrating the hydrolysis of acetyl amide takes place after the 
formation of HAADP. Based on the product identification and kinetic study, a 
reasonable pathway was proposed for chitin liquefaction (see Figure 5.13). 
The cleavage of the glycosidic bond is achieved by the formation of oxonium 
intermediate in the presence of acid increasing the electrophilicity at C1 
position. Then, a nucleophilic attack from the hydroxyl group of EG takes 
place to break up the C-O bond and form HAADP. Afterwards, the side chain 
could easily be solvolyzed after activation of the amide by the acid to afford 
HADP and 2-hydroxyethyl acetate.242 Other products such as the oligomers 
and trace amount of glucosamine are likely to form in the hydrolysis reaction 
of chitin.  
 
Figure 5.13 Proposed reaction pathways for chitin liquefaction (a) the initial 
solvolysis and (b) sequential deacetylation. 
 
5.4 Conclusion 
    The liquefaction of chitin in EG has been demonstrated for the first time. 75% 




within 90 min. Fractionation procedure was employed for product separation 
and identification. By using silylation reaction coupled with GC-MS analysis, 
the major products were identified as HADP and HAADP, both of which are 
derivatives of chitin monosugar, with a total yield more than 30%. HPLC 
purification combined with NMR analysis further confirmed the structure of 
HAADP. Kinetic study and the FTIR analysis suggested that chitin underwent 
solvolysis to form HAADP, followed by deacetylation reaction to afford 
HADP. Interestingly, the structural evolution of chitin residues by XRD 
analysis showed that the crystallinity of chitin decreased significantly after 
liquefaction. The simple, cheap and efficient liquefaction of chitin opens up a 





CHAPTER 6 EFFECT OF PRETREATMENT METHODS 
ON CHITIN STRUCTURE AND ITS TRANSFORMATION 
INTO N-CONTAINING CHEMICALS 
6.1 Introduction 
    Sharing the similar chemical structure, chitin is even more difficult to be 
dissolved and converted than cellulose, due to the high crystallinity with 
extensive hydrogen bond networks among the polymers chains. In Chapter 3, 
N-containing furan derivative, 3A5AF, was produced by chitin dehydration in 
organic solvents or ILs146, 243 with a maximal yield of 7.5%. In the works, the 
major problem encountered is the low product yield. In chitin dehydration 
there was no further increase of 3A5AF by employing high temperature and 
prolonged reaction time. It indicates that the traditional technologies in 
petroleum refinery featured by high-temperature processes are inherently not 
suitable for biorefinery, because of the drastic structural differences between 
fossil fuels and biomass materials. Chitin is a highly-rigid and functionalized 
polymeric material, and severe side reactions will happen under harsh 
conditions. Direct production of chitin into high yield, N-containing products 
is still challenging. 
As far as we are concerned, the greatest challenge in biomass conversion 
often arises from the high crystallinity and rigidly fixed polymer chains. 
Logically, a plausible way to enhance the reactivity of chitin is to damage the 
structure robustness and create more flexible polymer chains, prior to 
chemical transformation. The advances in pretreatment methods244-246 (ball 




process biomass materials have been widely reported, which are promising to 
be applied to enhance chitin biorefinery into N-containing chemicals. In this 
chapter, a systematic, comparative study of five different methods on the 
structure change and subsequent chemical reactivity of chitin biomass were 
conducted, which enables horizontal analysis to identify the most effective 
method as well as the key factors responsible for chitin conversion. After 
different pretreatment, the native chitin and pretreated samples were 
comprehensively characterized by various techniques such as SEM, BET, 
XRD, FTIR, NMR and GPC. Subsequently, reactivity was studied by 
investigating two different chemical reactions including chitin dehydration and 
liquefaction. Based on the structure changes and reaction performances, the 
major structure factors associated with enhanced product yields were 
summarized, and the relative effectiveness of various pretreatment methods 
was compared. The results indicate that different pretreatment methods endow 
chitin with substantially different structure changes and reactivity. With the 
proper method, chitin can be converted with much higher efficiency under 
milder reaction conditions.  
6.2 Experimental 
6.2.1 Chemicals and materials 
Chitin was purchased from Wako Pure Chemical Industry. B(OH)3 was 
purchased from Amresco. NaCl was purchased from Schedelco. LiCl and 
DMA were purchased from Alfa Aesar. H3PO4 and EG were purchased from 
VWR Singapore. NaOH, HAc and HCl were purchased from Merck. Urea, 
HMDS, TFA, pyridine, NAG and NMP were purchased from Sigma-Aldrich. 




purchased from Lanzhou Institute of Chemical Physics. All chemicals were 
used as received. 
6.2.2 Protocol for ball mill and steam explosion pretreatment 
Ball mill samples were obtained under different grinding conditions, 
including dry and wet mode (denoted as BM-1 and BM-2, respectively). BM-1 
chitin was grounded in dry mode by a planetary ball mill PM 100 CM (Retsch) 
with a chamber volume of 125 mL, 650 rpm and 4 h total mill time (20 min 
mill and 10 min rest as a cycle). The material of the chamber and balls was 
ZrO2. The feed quantity is 1 g, and 45 balls with diameter 10 mm were used. 
BM-2 was grounded by PL11 PFI Beater (PFI Mill) with the speed of 6000 
rpm in the presence of 10% water (wet mode). Further optimization of dry ball 
mill parameters was conducted on Pulverisette P7 Premium Line (Fritsch) 
with a chamber (ZrO2) volume of 45 mL, 10 min mill and 5 min rest as a cycle. 
The balls (ZrO2) have a diameter of 5 mm. The temperature after ball mill 
process has been recorded for selected optimization experiments. A 
thermometer was inserted into the solids and detects the temperature after the 
mill. 
Steam explosion was carried out in a 5 L batch reactor (Weihai Automatic 
Control Reactor Ltd., China). ca. 200 g dried sample was fed into the reactor. 
Steam was charged into the reactor at 1.5 MPa, 200 ˚C for 3 min and then 
released. The resulting chitin contains 50% to 70% water content because the 
steam condenses. After the process, the material was dried in a forced-air oven 




6.2.3 Protocol for acid, base and IL pretreatment  
H3PO4 dissolution/reprecipitation was conducted in the following manner: 
chitin (35 mg) was added into H3PO4 solution (1 g, 68 wt%) in a thick-wall 
glass tube and heated at 60 ˚C for 1 h with the stirring speed of 700 rpm. Then 
10 wt% NaOH was used to neutralize the solution, during which chitin 
precipitated. The white solid was washed three times with deionized water and 
dried in an oven at 70 °C overnight (denoted as Acid sample).  
The dissolution of chitin in base solution was reported in a previous paper105 
and this process was engaged for the alkaline treatment of chitin. Briefly, 
chitin (600 mg) was dispersed in NaOH (8 wt%)/urea (4 wt%) aqueous 
solution (total 30 g) in a plastic centrifuge tube. The suspension was kept at -
20 ˚C and stirred twice over 48 h. The solution was centrifuged and the liquid 
supernatant was collected. Then, the supernatant was neutralized using H2SO4 
(10 wt%) aqueous solution. Regenerated chitin was precipitated, washed with 
deionized water until the pH is 7 and dried in an oven at 70 ˚C overnight 
(denoted as Base sample). 
IL dissolution/reprecipitation was conducted in a similar manner: chitin (35 
mg) was dissolved in [AMim]Br (1.5 g) at 110 ˚C for 1 h in a thick-wall glass 
tube, with stirring speed of 600 rpm. Afterwards it was cooled down to room 
temperature and deionized water (20 mL) was added to precipitate the chitin. 
The solid was collected by centrifugation and washed three times with 





6.2.4 Characterizations   
XRD was performed on a Bruker D8 Advanced Diffractometer with Cu Kα 
radiation at 40 kV. The scan range is from 5 to 40 ˚ without rotation. The 
equation for the CI calculation is shown previously. Native chitin and BM-dry 
chitin samples were sent for solid-state 13C NMR for further comparison. 
Solid-state 13C NMR was conducted on a Bruker Avance 400 (DRX400) with 
CP/MAS. 
FTIR was conducted on a Bio-Rad FTS-3500 ARX instrument. 
Transmission mode was used and the results were collected under N2 flow. 
GPC analysis was carried out with a system equipped with a Waters 2410 
refractive index detector, a Waters 515 HPLC pump and two Waters styragel 
columns (HT 3 and HT 4) using 5 wt% LiCl/DMA as eluent at a flow rate of 
0.5 ml/min at room temperature. The samples were dissolved in the mobile 
phase solution at 80 ˚C with rigorous stirring for 2 days under nitrogen 
atmosphere prior to analysis. The raw data were processed using narrow 
polydispersity polystyrene standards and calibration using the software Breeze. 
Note that the pretreated samples must be washed thoroughly to remove any 
acid residues before dissolution. Otherwise, the acid residue would cause 
decomposition during dissolution and result in much reduced MW values. 
SEM images were obtained on a JEM-6700F scanning electron microscope 
(JEOL). The sample was immobilized on a copper substrate by conductive 
adhesives and was coated by platinum before analysis via high vacuum 
evaporation. Gas sorption isotherms were measured using a Micrometrics 
ASAP 2020 surface area and pore size analyzer. Prior to the measurement, the 




areas were calculated using the adsorption data in the relative pressure (P/P0) 
range of 0.05-0.25. The total pore volumes were estimated from the amount 
adsorbed at a relative pressure P/P0 of 0.98. 
6.2.5 Product quantifications 
HPLC analysis of dehydration product was performed on an Agilent 1200 
Series (Agilent Technologies, Germany) LC system by using an Agilent 
ZORBAX Eclipse carbon-18 column. The mobile phase was 83% water and 
17% acetonitrile. The flow rate was kept at 0.5 mL/min with a run time 20 min. 
A UV-vis detector setting at 230 nm was used to analyze the product. Other 
products such as HAc and NAG were quantified by HPLC by plotting external 
calibration curves with standard chemical solutions. HAc was analyzed on an 
Agilent Hi-Plex H column with 100% 0.005 M H2SO4 solution as the mobile 
phase, and NAG was analyzed on an Agilent Hi-Plex Ca column with 100% 
water as the mobile phase. The flow rates were at 0.6 mL/min, and the UV-vis 
detector was set at 210 nm for HAc and 195 nm for NAG. 
The major liquefied products were silylated and quantified by using 
dodecane as the internal standard. The GC analysis was performed on an 
Agilent 7890A GC with a FID equipped with HP-5 capillary column (30 m × 
250 μm). The yield was calculated by using the effective carbon numbers.188 A 
general procedure for silylation was given previously.  
6.2.6 Dehydration of chitin into 3A5AF 
Two different solvents were attempted for the reaction, including NMP as 
the solvent and IL as the solvent. The procedures for chitin dehydration in IL 
solvent were conducted:243 the substrate (80 mg, 0.4 mmol based on the NAG 




magnetic stir bar, B(OH)3 (98 mg, 1.6 mmol), HCl (0.4 mmol) and [BMim]Cl 
(1 g) were added. In IL solvent system, HCl instead of NaCl was used together 
with B(OH)3 as additives because it gave the best results in additive screening. 
The tube was sealed by a Teflon stopper (with O-ring) and placed into a pre-
heated oil bath at desired temperature for a certain time under a stirring speed 
of 700 rpm. The experiments in NMP solvent is conducted in a similar way 
but with different additives. The equation for the calculation of yield was 
given in previous chapters. In addition, isolated yield was obtained by column 
chromatography. Silica gel with particle size ranging from 40 to 63 μm is used 
as the stationary phase and 5% MeOH and 95% dichloromethane is used as 
the mobile phase. 153 mg ball mill chitin was used as the substrate in 1.5 g IL. 
After the reaction, the solution was re-heated at 80 ˚C to melt the IL and 
transfer it to the column, whereas the solution is still too viscous to be fully 
transferred and some of it pasted to the tube wall. After column separation, 25 
mg of yellow-brown solid was obtained and about 3 mg of the solid is 
dissolved in DMSO-d6 for NMR analysis (see Figure 6.1). The isolated yield 
is about 20%. 
 






6.2.7 Liquefaction of chitin into monosaccharides 
In a general procedure for chitin liquefaction, chitin or pretreated sample 
(0.15 g, 0.75 mmol) was added with EG solvent (1 g) and 8 wt% H2SO4 acid 
catalyst (80 mg). The mixtures were stirred at 420 rpm and heated for desired 
time at 150 ˚C. After the reaction, the mixtures were cooled down and 
neutralized to pH 7 by using 10 wt% NaOH.  
Next, the reaction mixture was separated into three (denoted as A, B, and C) 
fractions, and the major products were separated by HPLC and confirmed by 
NMR.247 Fraction A contains unreacted chitin and is used to determine the 
conversion. Fraction B and C contains products and were silylated for GC 
analysis. The yield obtained is based on mole percentage. 
6.3 Results and Discussion 
Abbreviations were given to the samples pretreated by different methods. 
Samples processed by ball mill grinding, steam explosion, alkaline treatment, 
acid and IL dissolution/reprecipitation are denoted as BM, SE, Acid, Base and 
IL sample, respectively. Note that there are two modes (dry and wet) for ball 
mill method, resulting in two BM samples accordingly. BM-1 refers to the 
sample processed in dry mode and BM-2 refers to the sample obtained in wet 
mode. As a result, in the following part, the structure changes of the 6 
pretreated samples are discussed by comparing with the untreated chitin. The 
details of pretreatment procedures are provided in Experimental.   
6.3.1 Analysis of structure changes by XRD, FTIR and NMR 
XRD and FTIR analysis were conducted on the native chitin and pretreated 




shown in Table 6.1 (an overall summary). The results of ball mill pretreated 
chitin and other samples were compiled together for comparison.  
In the XRD pattern of native chitin, the major peak at 2θ = 19 ˚ represents 
the (110) plane of crystalline chitin. The native chitin is highly crystalline with 
a CI value of 91%. In Figure 6.2a, it is obvious that BM-1 sample displayed 
significantly decreased crystallinity, and the CI value was reduced strikingly 
from the 91% to 28%. On the other hand, only slight decrease (about 10% 
drop) in CI value has been observed for Acid and Base samples, whereas 
negligible change was noticed for other samples. Note that BM-2 is much less 
affected than BM-1, which suggests that the treating effects to be very 
sensitive to ball mill modes. Plausibly, the presence of water mitigates the 
contact attrition and thus decreases the grinding efficiency. The decrease in CI 
value of Acid, Base and BM-1 samples were reported in previous studies with 
cellulose/chitin,248, 249 whereas the result in our work suggested ball mill to be 
significantly more efficient than other methods.  
IL sample displayed a negligible change in crystal structure, which was 
different from cellulose pretreatment by IL dissolution/reprecipitation. 
Significantly decreased crystallinity was often observed250 in cellulose 
structure. For chitin dissolution in ILs, contrary results in XRD analysis were 
reported. Chitin regenerated from [BMim]Ac was reported to show much 
decreased XRD signals, indicating the damage of crystalline regions after 
regeneration.25 In contrast, chitin regenerated from [BMim]Cl and [AMim]Br 
exhibited strong XRD signals comparable to that of original chitin.251, 252 Our 
results were in agreement with the latter reports. It was assumed that 




As such, it appears that the mechanism behind cellulose and chitin pretreated 
by IL to be different, despite their similar chemical structure. 
Table 6.1 Overall summary of the structure properties of native and pretreated 
chitin. 
 XRD GPCa BET FTIR SEM 







Native 90.9 - 7.38 - - 
BM-1 28.4 ↓↓ 2.30 ↓ ↓ 
BM-2 89.3 ↓ 6.78 → → 
SE 93.1 ↓ 31.2 → → 
Acid 82.4 ↓↓ 5.20 ↓ ↓ 
Base 83.1 → 1.88 ↓ ↑ 
IL 91.2 → 6.21 → → 
a “↑” means the value increased compared to the value of native chitin; “↓” 
means decreased value and “→” means almost unchanged value. 
 
The FTIR spectra were shown in Figure 6.2b. Overall, the chemical 
backbones of the samples were maintained after all pretreatments. The 
detailed assignments of peaks for chitin were illustrated previously. The bands 
assigned to different types of hydrogen bonding became apparently broader 
and smoother for BM-1 sample, suggesting that the hydrogen bond networks 
among chitin polymer molecules have been remarkably impaired.253, 254 Such 




Negligible changes were observed for the rest samples. The FTIR results are 
in perfect agreements with XRD data. Ball mill is by far the most effective 
method to devastate the crystalline regions and the networks of the polymer 
chains in chitin. Since BM-1 sample showed the most prominent decrease in 
XRD signals, it has been further compared with native chitin by solid-state 13C 
NMR technique (Figure 6.2c). Peak broadening is observed in BM-1 chitin 
sample, indicating a significant decrease in crystallinity, which is in agreement 
with XRD and FTIR result.   
Besides, the peak for C1 shifted from 104 to 102 ppm in ball mill pretreated 
chitin whereas there is no appreciable chemical shift for other peaks. The C1 
position for NAG (chitin monomer) and chitin was at 95 and 104 ppm, 
respectively, in the literature.255 The chemical shift of C1 possibly indicated 







Figure 6.2 (a) XRD analysis of native and pretreated chitin samples; (b) FTIR 
analysis of native and pretreated chitin samples and (c) solid-state 13C NMR of 





6.3.2 Optimization of ball mill parameters 
    BM-1 sample exhibited the most dramatic decrease of XRD signals. To 
further understand the ball mill process, the number of balls, the feedstock 
mass, the ball mill time and speed have been varied. The CI value decreased 
obviously with the increase of ball numbers from 10 to 160 balls (see Figure 
6.3a). Besides, the increase in substrate loading will reduce the mill efficiency 
leading to less decrease in crystallinity (see Figure 6.3b). With the increase in 
time from 0.5 to 2 h, the CI value decreased accordingly; whereas insignificant 
changes were found when ball mill time further increased (see Figure 6.3c). 
For the efficient breakdown of the crystalline region, a relatively high mill 
speed is needed. At 300 rpm, the CI value showed a negligible decrease. 
Nevertheless, the decrease became considerable when the speed increased to 
600 and 650 rpm (see Figure 6.3d). These results indicated that ball mill 
parameters have remarkable influences on chitin pretreatment, and operation 
parameters should be carefully selected in future applications. We also 
followed the temperature change after the ball mill. In the presence of 80 balls, 
650 rpm, the temperature was 40.6, 50.5 and 50.8 ˚C respectively after 0.5, 1 
and 3 h mill. In the presence of 160 balls, 650 rpm, the temperature increased 
to 53 ˚C after 0.5 h. The moderate temperature increase during ball mill might 





Figure 6.3 Optimization of (a) ball number; (b) sample loading; (c) time and 
(d) speed. 
 
6.3.3 Analysis of structure changes by GPC, SEM and BET 
The MWs were analyzed by GPC and calculated (see Figure 6.4). Both the 
native and most of the pretreated samples showed wide MW distributions 
(high polydispersity) while BM-1 exhibited relatively narrow distribution. 
Since all the samples were dissolved and detected under identical conditions, 
the changes of MW after pretreatment could be observed and compared. Base 
and IL samples have MWs comparable to that of native chitin; SE and BM-2 
samples exhibited moderately decreased MW, whereas BM-1 and Acid 
samples displayed considerably decreased MW. Base and IL pretreatment lead 
to samples with the least reduced MW, due to the mild process conditions. The 
decrease in MW is not unexpected for SE and Acid samples, and is consistent 




water under elevated temperature and pressure, which caused the moderate 
decrease. The large decrease in Acid sample was plausible due to the fact that 
chitin polymers could be chemically attacked by acid molecules during the 
process. Ball mill seems also effective in cleavage of chitin polymer chain, 
plausibly due to the “hot point” effect induced by frictions and impacts.257 
 
Figure 6.4 GPC spectra and the calculated MWs of native chitin and 
pretreated samples. 
 
  SEM images were first taken at a low magnification of 25 times (see Figure 
6.5). It is observed that the particle size of BM-1 and Acid samples decreased 
remarkably, which were not observed in other samples. 
 
Figure 6.5 Low magnification (× 25) of SEM images of (a) native chitin; (b) 




    
 
Figure 6.6 SEM images (× 3,000) of (a) native chitin; (b) BM-1; (c) BM-2; (e) 
SE; (f) Acid; (g) Base; (h) IL. (The strips on the images were due to 
insufficient conductivity)  
 
 
Figure 6.7 SEM images (× 50,000) of (a) native chitin; (b) BM-1; (c) BM-2; 
(d) SE; (e) Acid; (f) Base; (g) IL. 
 
  At high magnification, the pretreated samples displayed distinctive 
morphology. 3,000 and 50,000 times magnification images of the samples are 
shown in Figure 6.6 & Figure 6.7. At 3,000 magnifications, SE and IL samples 
showed the similar uneven surface with native chitin as bulky flakes. 
Nevertheless, BM-1, Acid and Base samples appeared as much smaller flakes. 
Besides, it seems that pores were generated on the surface of flakes of BM-2 
chitin. With the higher magnification of 50,000, the fibers and adherent 
granules could be observed. BM-1 and BM-2 chitin samples showed the 




exhibited distinguished swollen and wider chitin fibers, which was caused by 
the dissolution process. SE sample showed highly-arranged thinner fibers and 
granules. For Acid and Base samples, only crowded granules were observed 
without long chain fibers. The results showed that the processes modified the 
chitin particle size and the chitin fiber morphology. BET was conducted to 
confirm whether pore structure was generated after pretreatment. The nitrogen 
sorption isotherms of the samples were shown in Figure 6.8. The BET surface 
areas and pore volumes were small for all samples. Unexpectedly, these values 
of the pretreated samples showed a general decrease than the native chitin. 
Therefore, the pretreatment did not induce porous structure generation in 
chitin. 
  The overall structure changes of different samples were summarized in 
Table 6.1. BM-1 sample exhibited the most prominent decrease in crystallinity. 
Meanwhile, the hydrogen bond networks and the MW of BM-1 sample were 
remarkably reduced as well, whereas BM-2 sample was less affected. Acid 
and Base samples showed decreased crystalline, hydrogen bond networks and 
MWs. The particle size of Acid sample was also reduced. Compared with 






Figure 6.8 The nitrogen adsorption-desorption curves and the calculated BET 




6.3.4 Transformation performance: dehydration of native chitin and 
pretreated samples 
    Dehydration reaction was conducted employing all samples as substrates. 
Both NMP and [BMim]Cl were used as the solvent for chitin 
depolymerization-dehydration into 3A5AF (shown in Figure 6.9a). Overall, IL 
solvent was superior to NMP solvent for the transformation. In NMP, the 
3A5AF yield of native chitin was 4.6% under employed conditions. BM-1 and 
Acid samples afforded higher yields of 3A5AF (10.6% and 5.3% respectively). 
SE sample showed comparable yield (4.8%), whereas the rest showed 
decreased yields. On the other hand, all pretreated samples exhibited enhanced 
or at least comparable product yields in [BMim]Cl solvent. Acid and Base 
samples provided more than 2-fold increase in 3A5AF yield; BM-1 chitin 
achieved the highest 20.2% yield. Thus, BM-1 sample was further studied 
under different conditions (Figure 6.9b). Rapid initial reaction rates were 
observed and peak values were reached within merely 10 min. Increasing the 
temperature to 180 ˚C while maintaining the reaction time at 10 min provided 
the highest 3A5AF yield. Even higher temperature was not investigated 
because the decomposition of [BMim]Cl solvent may occur. By dry ball mill, 
the yield of the target product in chitin dehydration has been remarkably 
improved from the previous record 7.5% to 28.5% (the highest value obtained), 
with a decreased reaction time from 60 min to 10 min. Column 
chromatography has been used to separate the product from IL solvent with an 
isolated yield of around 20%. For scalable production, other feasible 
separation methods should be considered. It was reported that 3A5AF can be 





Figure 6.9 (a) Dehydration of chitin and pretreated samples. Blue columns in 
NMP solvent: 215 ˚C, NMP (3 mL), substrate (100 mg), B(OH)3 (400 mol%), 
LiCl (200 mol%), HCl (100 mol%), 1 h; red columns in IL solvent: 180 ˚C, 
[BMim]Cl (1 g), substrate (80 mg), B(OH)3 (400 mol%), HCl (100 mol%), 1 h. 
(b) Studies of BM-1 sample in IL solvent under different conditions: 
[BMim]Cl (1 g), substrate (80 mg), B(OH)3 (400 mol%), HCl (100 mol%), 
react for 5, 10, 30, 60 min at 160, 170, 180 ˚C respectively. 
 
6.3.5 Transformation performance: liquefaction of native chitin and 
pretreated samples 
The native and pretreated chitin samples have also been tested in 
liquefaction reaction in EG over H2SO4 at 150 °C. The results were mostly 
congruous with those in dehydration reaction (see Table 6.2). BM-1, Base and 
Acid samples afforded more target products HADP and HAADP than the rest 
samples. BM-1  sample still afforded the highest total yield of HADP and 
HAADP (32.3%) with 88.7% liquefaction yield, under much milder conditions 
than previously reported.247 The yields of formed target products follow this 







Table 6.2 Liquefaction results of chitin and pretreated samples. 
Entrya HADP (%) HAADP (%) Conversion (%) 
Native chitin 6.61 0.912 28.0 
BM-1 28.0 4.30 88.7 
BM-2 7.89 0.889 13.5 
SE 6.67 0.712 27.9 
Acid 10.2 3.19 48.2 
Base 18.5 4.21 67.2 
IL 7.80 2.64 43.5 
a Reaction conditions: 1 g EG, 0.08 g H2SO4 (8% w/w EG) and 0.15 g 
substrate (15% w/w EG) at 150 ˚C for 20 min. 
 
    Since the BM-1 sample has the best performance, the kinetic profile has 
been further investigated (see Figure 6.10). The liquefaction reaction quickly 
reached ca. 50% chitin conversion within 5 min, and then gradually increased 
to 88% at 20 min. A slight decrease (about 6%) in liquefaction efficiency was 
observed at 30 and 40 min, which may indicate the formation of insoluble char. 
The chitin monomer was detected during the liquefaction, suggesting that the 
hydrolysis was the first step along the reaction pathway. The yield was about 7% 
at 5 min and then declined constantly to a yield of 0.2% at 40 min. Similarly, 
the liquefied product HAADP peaked at 5 min (9.6% yield) and then 
decreased to 4% yield. The major product HADP has a steady increase in the 
initial 20 min and reached a plateau afterwards. A similar trend was also 
observed for HAc whose yield decreased after 20 min. Compared to the native 
chitin, BM-1 sample showed a faster reaction rate and the peak values were 





Figure 6.10 The kinetic profile of liquefaction of BM-1 chitin. Reaction 
conditions: 1 g EG, 0.08 g H2SO4 (8% w/w EG) and 0.15 g substrate (15% 
w/w EG) at 150 ˚C for 0, 5, 10, 20, 30 and 40 min. 
 
In both dehydration and liquefaction reactions, BM-1 sample showed the 
best performance. Acid and Base samples also exhibited appreciable increases 
of product yields. These results, together with the structure characterizations, 
provide the opportunity to identify major factors responsible for enhanced 
reactivity. Considering the apparent decrease in crystalline size and hydrogen 
bond networks of BM-1, Acid and Base samples, these two properties are 
highly plausible to be the essential factors in improving reaction activity. 
Surface area, on the other hand, was not a crucial factor. MW and particle size 
may be related to the reaction performance but this is not conclusive. 
Interestingly, IL chitin exhibited moderately increased product yields in some 
cases, despite the only structure change of IL chitin was the morphology 
change. The SEM image suggested that the chitin fibers swelled after IL 
pretreatment, indicating that the swelling of chitin polymer is beneficial, to 





    This chapter describes a systematic comparison study on the influences of 
five pretreatment methods on chitin structure and chemical reactivity. 
Different method exhibited varied effects in changing the structural 
parameters. A strong correlation between the crystalline size/hydrogen 
bonding network intensity and the reactivity of chitin was observed. A 
pretreatment method that is effective in decreasing the crystalline size and 
hydrogen bonding network will lead to a considerable increase of chitin 
reactivity in the subsequent transformations. The dehydration yield has been 
increased from previous 7.5% to 28.5%. A feasible separation method is 
needed to separate the product from IL solvent, for example, first by extraction 
and then further purification. The work demonstrated that chitin is indeed a 
promising material for the direct production of N-containing chemicals with 




CHAPTER 7 SOLVENT-FREE, SIMULTANEOUS 
DEACETYLATION AND HYDROLYSIS OF CHITIN INTO 
LOW MOLECULAR WEIGHT CHITOSAN AND CHITO-
OLIGOSACCHARIDE 
7.1 Introduction 
    The deacetylated derivative of chitin, chitosan, is one of the most important 
and prevalent products from chitin. Due to its solubility in dilute acids and the 
exposure of active –NH2 groups, chitosan is adaptable for a broad range of 
applications.48, 60, 70, 258-260 Especially, the short chain chitosan, including COS 
and LMWC are high-valued chitosan-derived products that attracted 
considerable attentions in biomedical, food, cosmetic, and material fields, with 
a plethora of papers describing their prominent features.37, 261-268 In between of 
monomer and polymer, COS and LMWC possess distinguished properties 
including the solubility in physiological condition, excellent bioactivities 
(antimicrobial, antitumor, antioxidant activities, etc.) and improved chemical 
reactivity in subsequent transformations/modifications.  
However, due to the structural robustness of chitin, the synthesis of COS or 
LMWC is not straightforward at present. They are mainly achieved via a two-
step scheme: the deacetylation of chitin to obtain high MW chitosan, and then 
the degradation of chitosan.269 In industry, the production of chitosan is 
problematic as it employs extremely concentrated base solutions (e.g., > 40 wt% 
NaOH solution) operating at 90 to 130 ˚C. The associated environmental 
issues and capital costs remarkably hinder the manufacturing of chitosan, 




etc. Although progress has been made to improve the process and mitigate the 
problems by the proposals of microwave-coupled base treatment,270, 271 
multiple freeze-pump out-thaw method,272 compression method,273 etc., these 
methods have not yet resolved the fundamental issues associated with chitin 
deacetylation. After this step, enzymatic,274-278 chemical and physical methods 
or their combinations have been utilized to produce COS and LMWC from 
chitosan. Enzymatic method is often low efficient and expensive. In general, 
oxidative chemicals such as hydrogen peroxide,279-281 nitrous acid,282 
potassium persulfate,283 etc. were used to depolymerize chitosan under an inert 
atmosphere in dilute acid solution, while physical methods284 such as high 
energy ultrasonication285 and plasma treatment286 of chitosan solution can also 
induce chain cleavage. A more efficient and greener synthesis route is highly 
desirable and favorable, to place that in current use.  
In Chapter 6, the distinguished effect of ball mill has been realized and 
herein the synergy of chemical and mechanical effects was considered to 
establish new conversion route of chitin into COS and LMWC products. 
Recently, the mechanocatalytic method has received growing attention and 
been recognized as effective for many applications287-294 including the 
conversion of biomass materials.295-299 Meine et al.300 and Yabushita et al.301 
reported the acid-catalyzed ball mill of cellulose and chitin with the 
subsequent hydrolysis into glucose and NAG. Meanwhile, Bolm’s group302 
described the base-catalyzed bond cleavage of lignin model compounds in a 
ball mill with 6 h mill time. In this chapter, we described the one-step 
synthesis of COS and LMWC directly from chitin for the first time by 




mechanical and chemical forces to initiate simultaneous deacetylation and 
hydrolysis of chitin in the solid state. Under the synergistic effects, chitin 
chains could be cleaved with imposed tensile stress and the acetyl amide side 
chain was possible to be hydrolyzed in the presence of a base catalyst in the 
solid state. This single-step method has overcome the general issues associated 
with the conventional method. In solid state, the corrosiveness of the reagents 
is largely suppressed. Besides, the base usage can be significantly reduced to 
one order of magnitude lower compared to the usage in the traditional method 
and thus impairs the environmental burden. In fact, the used NaOH can be 
potentially recycled by MeOH dissolution and evaporation without generating 
wastewater. Under optimal conditions, chitin can be completely converted into 
water soluble COS and LMWC products within 1 h, while the DD and MW of 
the products were adjustable by varying ball mill parameters and/or adopting 
additives. As a demonstration, the chemical reactivity of the products was 
tested in the dehydration reaction to form 5-HMF, where the products 
exhibited better reactivity than the chitosan obtained by the traditional method. 
To further enhance the economic values, the direct transformation of crude 
shrimp shell powders into COS and LMWC was tentatively attempted. The 
tightly connected components in the shell were fractionated and the obtained 
water-soluble products displayed chitosan-like FTIR spectrum which 
contained only 6.7% CaCO3 and 5.2% proteins. 
7.2 Experimental 
7.2.1 Chemicals and materials 
Chitin was purchased from Wako Pure Chemical Industry. NaOH was 




Na2B4O7·10H2O, NaAc, glucosamine hydrochloride, ZnCl2, D2O, NAG, 5-
HMF and MeOH were purchased from Sigma Aldrich. HAc was purchased 
from Merck. NaBH4 was purchased from Alfa Aesar. Pullulan polysaccharide 
calibration kit was bought from Agilent Technologies company. 
Ba(OH)2·8H2O was purchased from Sinopharm Chemical reagent company. 
B(OH)3 was purchased from Amresco.  
7.2.2 General procedure for mechanocatalytic conversion of chitin 
The ball mill machine was Pulverisette P7 Premium Line (Fritsch) with a 
chamber (made of ZrO2) volume of 45 mL and the balls (ZrO2) have a 
diameter of 5 mm. In a typical procedure, chitin and base catalyst were loaded 
into the chamber with a certain number of balls and sealed. The mill speed and 
time were set to the desired values. The time was counted by cycles and one 
cycle includes 10 min mill time and 5 min rest. After ball mill, the solids were 
filtered by a grid and collected. Two different methods were utilized for the 
separation of the COS and LMWC products depending on the type of base 
catalyst used. When the base catalyst can dissolve in MeOH, the ball milled 
solids were washed with MeOH for several times until the pH value was near 
neutral and then oven dried at 60 ˚C overnight. When the base catalyst was not 
MeOH soluble, the ball milled solids were first dissolved in water and then 
dialyzed for three days by using the membrane with a threshold of 3.5 kDa. 
Next, the solution within the membrane was freeze dried. In this case, COS 
and LMWC products with MW > 3.5 kDa could be recovered. The recovery 
rate was calculated by using the equation: 




The solubility of ball milled samples was determined as follows. After ball 
mill, the solid samples were collected by filtration with a grid. Then, a known 
amount of the sample (usually 300 mg) was taken and stirred in 50 mL water 
for 30 min. Next, the mixtures were centrifuged. The undissolved part (if any) 
was washed and oven dried and the mass was weighed. The solubility was 
calculated: 
Solubility % = (1 – Mresidue/Mfeedstock) ⨯ 100% 
The chitosan product derived from traditional method was used for 
comparison purpose. The procedure was as follows: 1 g chitin was suspended 
in 15 mL 45 wt% NaOH solution and then heated with continuous stirring at 
120 ˚C for 3 h. Next, the reaction mixture was centrifuged, and the solids were 
washed three times with water and then dried in oven at 60 ˚C overnight. 
7.2.3 Direct transformation of shrimp shell powders 
    The raw shrimp shell powders were prepared as follows. Glass shrimps 
(Caridina heteropoda) were bought from a local supermarket. The shells on 
the back and tail were peeled off (no flesh residue) and air dried. Then, the 
shells were ground by a blender to obtain crude shrimp shell powders. The 
contents of chitin, CaCO3 and proteins in the shell were quantified using a 
literature method,7 ICP-OES and Bradford method,303 which were determined 
to be 28.3%, 23.0% and 31.8% respectively. In the Bradford method, shells 
were first boiled in 5% NaOH at 70 ˚C for 2 h and the solution was mixed 
with Bradford reagent. The presence of proteins turned the color of the reagent 
from light brown to blue. The crude shrimp shell and NaOH catalyst were ball 




pasted to the balls and thus 10 mL water was added into the chamber. The 
solids were washed down by low-speed ball mill at 250 rpm for 5 min. Later 
on, the suspension was centrifuged. The undissolved part was washed and 
oven dried. The liquid solution was dialyzed by using a membrane with a 
threshold of 3.5 kDa. The dialyzed liquid was then freeze dried. The content of 
CaCO3 in the products and undissolved solid were determined by an iCAP 
6000 series ICP-OES, while the contents of proteins were quantified by 
Bradford method and BSA solutions were used as standards to plot the 
calibration curve. 
7.2.4 Characterizations 
GPC analysis was carried out with a system equipped with a Waters 2410 
refractive index detector, a Waters 515 HPLC pump and two Waters styragel 
columns (HT 3 and HT 4). The chitosan samples and products were detected 
by using HAc/NaAc buffer as eluent (pH = 4.5) at a flow rate of 1 mL/min at 
room temperature. The chitin samples and products were detected by using 5 
wt% LiCl/DMA as eluent at a flow rate of 0.5 mL/min at room temperature, 
and the samples were dissolved in the mobile phase solution at 80 ˚C with 
rigorous stirring for 2 days under nitrogen atmosphere prior to analysis. The 
raw data were processed using narrow polydispersity pullulan standards and 
calibration using the software Breeze. XRD was performed on a Bruker D8 
Advanced Diffractometer with Cu Kα radiation at 40 kV. The scan range was 
from 5 to 40 ˚ without rotation. The ESI-TOF mass spectra were recorded on a 
Bruker MicroTOF-Q system. The samples were injected directly into the 
chamber at a rate of 180 μL/min. EA was conducted by using an Elementar 




FTIR spectrometer with both ATR mode and transmission mode. The DD 
values were calculated by using the following equation:304 
DD % = [1 – (A1320/A1420 – 0.3822)/3.133] ⨯ 100% 
    where Ai is the area of the peak at wavenumber i. 
1H NMR was performed on a Bruker ultrashield 400 plus spectrometer. 
Chitosan and the samples were dissolved in 1% HCl/D2O solution for analysis. 
The following equation was adopted for the double check of the DD values:305 
DD % = (1 – 2·H-Ac/H2 to 6) ⨯ 100% 
where H-Ac is the area of the peak assigned to the acetyl amide side chain; 
H2 to 6 is the total areas of the peaks ascribed to the protons at C2 to C6 
positions. 
7.2.5 Reactivity tests 
    Chitosan dehydration into 5-HMF was employed as the reaction to test the 
reactivity of the obtained chitosan products. The detailed procedures were 
given elsewhere.204 Typically, 50 mg sample was added to 3 g 67 wt% ZnCl2 
solution in a 35 mL thick-wall glass tube with a stir bar. The tube was sealed 
by a Teflon stopper and placed into a pre-heated multi-cell hotplate at desired 
temperature. The reaction mixtures were stirred at 700 rpm and heated for a 
period of time. After the reaction, the solution volume was adjusted to 10 mL 
by using a volumetric flask, and 10-fold dilution was conducted prior to HPLC 
analysis. HPLC was performed on a Shimadzu Nexera XR LC system by 
using Agilent Hi-Plex H column operating at 60 ˚C. The mobile phase was 




absorbance of 5-HMF was recorded at 254 nm and the mole yield of 5-HMF 
was calculated by using a calibration curve.  
7.3 Results and discussion 
7.3.1 Chitin into water soluble products 
We first ball milled an equivalent mass of chitin and NaOH together in the 
solid state at the speed of 700 rpm for a period of 4 cycle (sample denoted as 
NaOH-700-4). After the ball mill process, the solids turned slightly yellow and 
it was encouraging that > 90% of the solids became soluble upon the addition 
of water. In general cases, high MW chitosan would not dissolve in neutral or 
basic water. The NaOH amount was also optimized by using the solubility as 
an indicator (Figure 7.1a). With the increase of base amount from 0.1 g to 1 g, 
the solubility was first enhanced and then decreased. Thus, excessive catalyst 
was not beneficial for efficient conversion. Next, the solubility was also used 
as an indicator to observe the behavior under different ball mill conditions. 
The solubility accordingly increased with the increased number of balls from 
50 to 140 balls (see Figure 7.1c), probably because a greater number of balls 
can enhance the frictions and contacts between the catalyst and substrate. 
Since the conversion was also sensitive to ball mill speed, the solubility 
enhanced significantly from 17.1% to 93.2% when increased the speed from 
500 rpm to 700 rpm (Figure 7.1b). With 700 rpm speed, quantitative 
conversion of chitin into water soluble products could be achieved as long as 
the mill time exceeded 4 cycle (Figure 7.1d). These results indicate that the 
chitin conversion into soluble products was closely related to the imposed 




conditions. Nevertheless, the presence of base was necessary because 
physically milled chitin was totally insoluble.  
 
Figure 7.1 Solubility of products under different ball mill conditions of varied 
(a) base amount; (b) speed; (c) ball number and (d) time. The general 
conditions: 0.4 g chitin, 0.4 g NaOH, 700 rpm, 4 cycle, 100 ball.  
 
  
7.3.2 Analysis of the water soluble products 
Prior to analysis, separation of the products from the base catalyst was 
conducted by MeOH washing. Generally, MeOH washing recovered > 80% of 
the products. Afterwards, a variety of techniques were employed to 
characterize the obtained products. The sample NaOH-700-8 was first 
analyzed by FTIR and compared with those of original chitin, physically 
milled chitin (BM chitin), commercial chitosan, and chitosan synthesized from 
traditional method (chitosan-T). FTIR technique can reflect the fine structures 
of polymers, and thus considerable changes of peaks could be noticed between 




in FTIR spectrum inferring negligible changes in the chemical backbones after 
physical ball mill. However, the FTIR spectrum of the NaOH-700-8 sample 
highly resembled that of chitosan and significantly differed from that of chitin. 
For example, distinct changes were observed in the Amide I and II regions as 
well as the C-O-O regions (detailed interpretation of the bands have been 
given in previous chapters). The FTIR analysis indicated that the chemical 
reactions happened after the process and chitosan-type products were obtained. 
Meanwhile, XRD analysis was conducted (see Figure 7.2b). The crystal 
structure was essentially damaged and BM chitin was almost amorphous 
which was in agreement with the previous report.254 As expected, NaOH-700-
8 sample also showed nearly amorphous structure while a weak peak was 
observed at around 30 ˚ which was assigned to ZrO2. It suggested that the 
trace amount of ZrO2 was left over due to the presence of chemicals in the ball 
mill. The XRD data inferred that mechanical force can efficiently destroy the 
crystallinity of chitin and may facilitate further chemical transformations in 
the presence of a catalyst.  
 
Figure 7.2 (a) FTIR and (b) XRD spectra of chitin, BM chitin, chitosan, 





In addition, 1H NMR was employed to observe the structure of the samples 
(Figure 7.3). The peak at 1.9 ppm was assigned to the three protons of the 
acetyl amide group, and the peak at about 3.0 ppm was ascribed to the proton 
at the C2 position of glucosamine. The groups of peaks located between 3.3 
and 3.8 ppm represented the non-anomeric protons on the ring skeleton,306 
while the signal of proton at C1 position overlapped with the water peak and 
couldn’t be observed. Besides, the signal of MeOH was noticed in NaOH-700-
8 which was from the washing step. Overall, the positions of the peaks of the 
samples were identical with those of chitosan and chitosan-T. The peaks of all 
samples were generally broad, which was a common characteristic feature for 
polymer compounds. Nevertheless, compared to chitosan and chitosan-T, the 
sample peaks were apparently more resolved and split, which could result 
from the possible decrease in MW since monomers and oligomers often had 
higher peak resolution. The DD values of these samples were calculated by 
both FTIR and NMR analysis (see Table 7.1) which were in good agreement. 
The errors between the calculations by FTIR and NMR were within 6%. 
Chitosan and chitosan-T possessed DD values of around 80%, and NaOH-
700-8 also had a high DD value at beyond 70%. However, the DD value of 
NaOH-700-4 stayed at about 50% indicating that sufficient ball mill time was 
necessary to promote the deacetylation reaction. Since the DD values of 
insoluble chitin and BM chitin could not be determined by 1H NMR, their DD 
values were obtained by FTIR to be 3.5% and 4% respectively. It clearly 
showed that physical ball mill could not induce deacetylation and the chemical 




more versatile technique to reveal the average information, it was selected for 
DD calculations in subsequent experiments.   
 
Figure 7.3 1H NMR spectra of chitosan, chitosan-T, NaOH-700-8 and NaOH-
700-4. 
 
Table 7.1 calculated DD values by FTIR and NMR analysis. 
Entry Sample DD% by FTIR DD% by NMR 
1 Chitin 3.54 - 
2 BM Chitin 3.95 - 
3 Chitosan 78.9 82.4 
4 Chitosan-T 78.6 78.7 
5 NaOH-700-8 70.0 76.4 
6 NaOH-700-4 53.1 50.5 
 
Afterwards, the MWs of the products were studied by GPC analysis. Chitin 
and chitosan samples were analyzed in different solvent systems due to the 
distinct solubility. The MWs of chitin and BM chitin have been investigated in 
Chapter 6. The original chitin boasts high MW of 362.4 kDa, and the value 




the hydrolysis was considerably facilitated in the presence of a base catalyst 
(see Figure 7.4a). For example, NaOH-700-12 sample exhibited an extremely 
low MW of 7.7 kDa (see Table 7.2), equal to about 45 monomer units. By 
examining the samples obtained with different mill times, it was found that the 
MW decreased with the increase in mill time, whereas the MWs of NaOH-
700-2 and NaOH-700-4 have readily reduced to around 13 kDa. Note that the 
MWs of commercial chitosan and chitosan-T were much higher as 239.1 kDa 
and 149.3 kDa, the results showed that base-catalyzed ball mill conversion of 
chitin can enable efficient and simultaneous hydrolysis and deacetylation to 
form COS and LMWC. Besides, the DD values of the samples have also been 
obtained by FTIR (see Figure 7.4b and Table 7.2), and prolonged mill time 
was also beneficial for the deacetylation of chitin. The DD values for NaOH-
700-2 and NaOH-700-12 were 39.1% and 83.3% respectively, suggesting that 
sufficient deacetylation could occur with prolonged time. The trends were 
reasonable because long mill time created more chances for the chitin and 
catalyst to contact and react with each other.  
 
Figure 7.4 (a) GPC spectra of the standard, chitosan, chitosan-T and the 
samples obtained with different ball mill time and base type. One of the 
standards was plotted for easy comparison; (b) FTIR spectra of samples 




Table 7.2 The results of calculated DD and MW values of samples obtained 
with varied mill time by using NaOH. 
Entry Sample MW (kDa) DD% 
1 NaOH-700-2 12.8 39.1 
2 NaOH-700-4 12.6 53.1 
3 NaOH-700-8 9.17 70.0 
4 NaOH-700-12 7.78 83.3 
 
To further confirm the structure, ESI-MS and EA were employed for 
NaOH-700-8. The ESI analysis exhibited a bunch of peak clusters with a 
center at around m/z 848 (see Figure 7.5a). This is probably due to the fact 
that the obtained product consisted of oligomers with different MWs and 
charges leading to complex signals but with a regular distribution. The 
distance between two adjacent clusters was often m/z = 40 or 41, which was 
equal to the loss of an acetyl amide group plus the addition of a proton. The 
center peak at m/z 848 was single charged and assigned to [(GlcNAc)4 + 
H2O]+ (the tetramer of NAG with one molecule of water). Following this, the 
peaks at m/z 888 and 808 were ascribed to [(GlcNAc)2(GlcNH2)3 + H2O]+ and 
[(GlcNAc)3(GlcNH2) + H2O]+ (GlcNH2 refers to glucosamine unit). Besides, 
the peaks that represented the dimers [(GlcNH2)2 – H2O]+ and 
[(GlcNAc)(GlcNH2) – H2O]+ were found at m/z 323 and 365. By carefully 
examining the signals, the multi-charged peaks can be recognized. For 
example, the peak at m/z 767 was double charged which might be assigned to 
[(GlcNAc)4(GlcNH2)4 + 2H2O]2+. Besides, highly charged peaks of +5, +7 and 
+14 were also found which represented higher MW oligomers (see Figure 
7.5b). By calculation, an estimated MW range of NaOH-700-8 could be 




value obtained by GPC, confirming that the products were a mixture of 
chitosan oligomers with low MW values. Lastly, the EA results were listed in 
Table 7.3. The carbon and nitrogen contents in the product are lower than the 
values for chitin and chitosan while the hydrogen content is between those of 
chitin and chitosan. These may be due to the presence of small amount of 
ZrO2 as identified in XRD analysis and the significant decrease in the degree 
of polymerization.      
 
Figure 7.5 (a) the ESI signal of NaOH-700-8 sample (positive mode); (b) 
magnification of one of the peak clusters in the ESI signal. 
 
Table 7.3 EA results of chitin, chitosan and NaOH-700-8 sample. 
Measured C% H% N% 
Chitin 45.6 6.59 6.76 
Chitosan 44.1 7.29 7.80 
NaOH-700-8 41.8 6.71 6.32 
  
7.3.3 Influences of different base catalysts 
The influences of different base catalysts including LiOH, NaOH, KOH, 
Ca(OH)2 and Ba(OH)2 were investigated at 700 rpm with 4 cycle mill time. As 




from the NaOH catalyst, nevertheless, some of the base catalysts cannot 
dissolve in MeOH. As a result, all the samples were recovered by dialysis 
method for comparison. It can be deduced that hydrolysis of chitin happened 
and low MW products were generated, because the recovery rates were 
between 55% and 80% for all the samples. On the other hand, from FTIR 
analysis, it was obvious to see that deacetylation occurred when using NaOH 
and KOH catalyst but could not be initiated using LiOH, Ca(OH)2 and 
Ba(OH)2. The DD values of NaOH-700-4 and KOH-700-4 were 53.1% and 
33.5%, while the DD values were only 8.4%, 13.2% and 8.3% using LiOH, 
Ca(OH)2 and Ba(OH)2 catalysts. The MWs of NaOH-700-4 and KOH-700-4 
were found to be 12.6 kDa and 43.7 kDa. Therefore, NaOH was apparently the 
most effective to promote both hydrolysis and deacetylation. The results were 
consistent with the previous report of lignin model compound degradation, in 
which NaOH performed better than other bases.302 Although the basicity of 
them were in a descend order (Ba(OH)2 > LiOH > NaOH > KOH > Ca(OH)2) 
in aqueous solution, with the pKb values of -2.0, -0.4, 0.2, 0.5, 2.43 
respectively, the situation can be different in solid state where the bond energy 
and the affinity of the cations to the substrates involves. NaOH and KOH 
boast lower bond dissociation energies than the rest,307-309 whereas Na+ might 
be easier to bind to the C-O-C bond in chitin chains to facilitate 
depolymerization.  
7.3.4 Influences of additives 
First, the effect of water was studied in the base-catalyzed conversion 
(NaOH, 700 rpm, 4 cycle). In fact, chitin originally contained about 10 wt% of 




hydrolysis. However, when adding extra water into the system, an obvious 
trend was noticed that the MWs gradually increased, which was dramatically 
elevated to 67.4 kDa when adding 400 μL water (see Figure 7.6a). As a result, 
excessive water should be avoided to guarantee effective hydrolysis, and 
mechanical force was the crucial factor for chitin hydrolysis.300 Meanwhile, 
with the increasing addition of water, the DD values experienced an initial 
increase from 53.1% to 65.4% (120 μL water added) and then dropped to 34.8% 
(see Figure 7.6a). It was assumed that the mechanical force was more related 
to the hydrolysis of chitin chains than the hydrolysis of acetyl amide side 
chain, because the tensile stress was principally imposed on the chain 
skeletons.310 It was possible that certain amount of water created a localized, 
extremely concentrated chemical environment which favored the base-
catalyzed cleavage of the side chain. Nevertheless, excessive water not only 
diluted the chemical effect but also reduced the mechanical force leading to 
poor deacetylation.       
Next, NaBH4 was employed as another additive (see Figure 7.6b), because 
it was effective for the reductive cleavage of cyclic amides311 which may 
possibly favor the deacetylation. Higher DD values were obtained with the 
addition of NaBH4, and reached a highest value of 79.1% when 300 mg added. 
The promotional effect of NaBH4 was not observed in conventional 
deacetylation312 and might be induced only with the assistance of ball mill 
process. Nevertheless, the MWs increased from 12.6 kDa to 23.5 kDa, which 
was in agreement with the literature that NaBH4 inhibited depolymerization.312 
Boron has been widely reported to improve the conversion of sugars. 




additive with 40 mg and 200 mg loading. With 40 mg loading, the products 
had DD and MW value of 49.0% and 9.6 kDa, and the DD and MW were 39.2% 
and 5.3 kDa with 200 mg loading. Thus, the behavior of Na2B4O7 was quite 
different from NaBH4 that the deacetylation was seldom promoted while the 
hydrolysis was significantly enhanced possibly by the interaction between 
boron oxide and glycosidic bond.   
 
Figure 7.6 The influences of the presence of (a) water and (b) NaBH4 on the 
DD and MW values of the products. 
 
7.3.5 Reactivity tests 
It is anticipated that the obtained samples with reduced crystallinity and 
shorter chains may display enhanced reactivity in chemical transformations. 
Therefore, the NaOH-700-8 sample was tested as the substrate in the 
dehydration reaction to form 5-HMF. The reaction system was a previously 
established one by using concentrated ZnCl2 solution.204 Simple optimization 
of temperature and time was conducted (see Table 7.4). The reaction system 
seemed sensitive to temperature and the highest yield was obtained at 140 ˚C, 
while further increasing the temperature to 160 ˚C led to reduced yield. 
Meanwhile, reaction time > 1.5 h was required for the conversion to proceed; 




employed and reacted at 120 ˚C and 140 ˚C respectively for 1.5 h. NaOH-700-
8 afforded around 2-fold of the yield as the chitosan-T, which was 14.3% 
compared to 7.5% at 140 ˚C.  
Table 7.4 Reactivity tests for obtained products and chitosan-T. 
Entry Substrate Additive T (˚C) Time (h) Yield (%) 
1 GlcNH2 none 120 1.5 23.2 
2 NaOH-700-8 none 120 1.5 6.20 
3 NaOH-700-8 none 120 1 0.890 
4 NaOH-700-8 none 120 2 6.38 
5 NaOH-700-8 none 140 1.5 14.3 
6 NaOH-700-8 none 160 1.5 4.51 
7 NaOH-700-8 BA 120 1.5 6.29 
8 Chitosan-T none 120 1.5 2.10 
9 Chitosan-T none 140 1.5 7.45 
 
7.3.6 Direct transformation of shrimp shells 
The one-step direct conversion of raw shrimp shell powders into COS and 
LMWC was attempted, which is economically attractive. Shrimp shells are 
comprised of three major components including chitin (28.3%), CaCO3 
(23.0%) and proteins (31.8%). Chitin was traditionally extracted by acid 
treatment to remove CaCO3 and base treatment to remove proteins. Herein, we 
envisaged that base-catalyzed ball mill conversion might be capable of 
disintegrating the components and fractionating the shells. Raw shrimp shell 
powders were ball milled with NaOH at 700 rpm for 8 cycle. Due to the 
presence of proteins, the solids were pasty and stuck onto the balls after the 
process, and they were washed down by ball mill at 200 rpm in the presence of 




freeze dried to attain the products, whereas the insoluble fraction was washed 
and oven dried. The obtained product has a recovery of 20.9%. According to 
FTIR analysis (see Figure 7.7a), the spectrum of recovered product resembled 
that of chitosan to a large extent; the peak at 1395 cm-1 could provide a useful 
evidence to differentiate chitosan from chitin. By calculation, the product had 
a DD value of about 80.5%. However, it can be observed that the product still 
contained proteins and CaCO3, as indicated by the presence of peaks at 1395 
cm-1 and 1536 cm-1. Therefore, the contents of proteins and CaCO3 in the 
product and the centrifuged solid were quantified by Bradford method and 
ICP-OES respectively. Figure 7.7b showed the image of the color change in 
protein quantification. The color of raw shrimp shell was considerably blue 
whereas the color of the products resembled that of the control sample, 
indicating that only a trace amount of protein remained. The protein content 
was calculated to be as low as 5.2% in the product. This value is likely to be 
further reduced by using proper separation method since dialysis cannot 
remove soluble proteins with MW > 3.5 kDa. Meanwhile, the Ca element in 
the product was measured to be 6.7% in the product. These residual values 
were comparable with the fermentation method for chitin production but with 
much higher efficiency and shorter period. On the other hand, the Ca and 
proteins in the insoluble solid fraction were analyzed to be 32.8% and 9.2%, 
showing that the majority of CaCO3 and a small portion of proteins were left 
as solid. As a result, direct transformation of raw shrimp shells into the desired 
products is viable but requires future efforts to embellish the process. In 
addition, the economic feasibility of ball mill method for the large-scale 




established method here may offer an economically attractive and feasible 
solution to the current, problematic production pattern.  
 
Figure 7.7 (a) FTIR spectra of the product, chitosan, chitin, shrimp shell and 
CaCO3; (b) Bradford method to quantify protein: control sample (left), product 
(middle), shrimp shell (right).  
     
7.4 Conclusion 
In this chapter, a facile, solvent-free mechanocatalytic method was 
established for the production of COS and LMWC from chitin in one step. The 
developed method solved the environmental and capital issues associated with 
traditional, multi-step production method. The DD and MW values of the 
products can be simply tuned by ball mill parameter and/or by using additives. 
The possibility of direct transformation of shrimp shells has been proved and 
the product possessed comparable purity to the enzymatic method. In fact, the 
conversion of shrimp shells could be further optimized in the future to realize 
the feasibility. The work in this chapter demonstrated the unique advantages of 
combined mechanical and chemical forces to intrigue simultaneous 
deacetylation and hydrolysis reactions, which can be a versatile strategy in 




environmentally friendly and step-reduced route with potential industrial 




CHAPTER 8 CONCLUCIONS AND RECOMMENDATIONS 
8.1 Conclusions 
Chitin biorefinery is an emerging field which deserves research efforts and 
attentions. With biologically fixed nitrogen, it holds the underestimated but 
great potentials as a sustainable feedstock to generate a diversity of useful 
chemicals especially N-containing compounds that cannot be obtained from 
other biomass resources. N-containing compounds represent a class of 
important chemicals playing indispensable roles in industries and daily life 
uses. The studies in chitin biorefinery were few possibly due to the challenges 
in transforming the robust structure of chitin. To the delight, an increasing 
attention has been paid to this field since 2012. In this thesis, a systematic 
project was undertaken to contribute to the chitin biorefinery, by developing 
new chemical transformation routes for sustainable synthesis of new and 
widely utilized N-containing compounds from chitin polymers (Chapter 3 to 5). 
In addition, versatile strategies (such as pretreatment) have been 
comprehensively investigated to improve the efficiency of chitin conversions 
(Chapter 6) and lastly solvent-free conversion of chitin into valuable COS and 
LMWC products was achieved by combined mechanical and chemical method 
(Chapter 7). The major findings and conclusions in the project are as follows: 
1. Long-chain chitin polymer, which is readily available from waste shells, can 
be directly transformed into 3A5AF product in one step. In the dehydration 
process, other chemicals such as 4-(acetylamino)-1,3-benzenediol and 
levoglucosenone which were not reported from chitin previously were also 




responsible for the promotional effect of B(OH)3 was unambiguously proved 
by NMR analysis. B(OH)3 coordinated to chitin via two –OH groups most 
likely at C4 and C6 positions to form a six-membered ring. The evolution of 
the process was monitored by NMR and the boron-chitin monomer complex 
might enhance the 3A5AF yield by facilitating the ring-opening step. 
2. Chitin is inherently superior to cellulose for HAc synthesis because of the 
structure property. Not only chitin but also the raw shrimp shell powders were 
converted in one step with high-yielding of HAc in hot, basic water under the 
catalysis of BM CuO and O2 gas. Isotope-labeling tests disclosed that 60% of 
the HAc product originated from the hydrolysis of the acetyl amide side chain 
and 40% from the oxidation of other species (C3-C6 organic acids) that 
obtained from the decomposition of pyranose ring. The reaction network was 
complex with parallel pathways but the routes converged to form HAc at last, 
leading to the high yield. Meanwhile, N-heterocyclic compound pyrrole was 
formed because chitin itself provided nitrogen in the reaction system, which 
was the first report of pyrrole formation from polymeric materials. The best 
yield achieved was 6% (equal to 12 mol%) but external nitrogen source was 
required. A transformation way of oxygen-to-nitrogen exchange was proposed 
to convert furanic compounds into pyrroles. 
3. Chitin was able to be liquefied in EG solvent by using simple mineral acids. 
New products including HADP and HAADP were found, which are potential 
building blocks for PUFs and polyimides. ~30% yields of the products were 
obtained with 75% conversion of chitin. The deactivation of acid catalyst was 




in the incomplete conversion of chitin. The EG solvent was able to destruct the 
crystallinity of chitin and decrease the rigidity.  
4. Chitin pretreatment is an effective and versatile strategy to enhance the 
chemical transformation efficiency. Ball mill method was identified to be the 
most useful one among others to impair the hydrogen bonds and crystallinity 
of chitin. BM chitin led to an unprecedented yield of 28.5% of 3A5AF via 
dehydration and reduced the reaction time from 1 h to 20 min in the 
liquefaction reaction at a lower temperature. The work demonstrated that 
chitin is indeed a promising material for the direct production of N-containing 
chemicals with high yields after proper pretreatment. 
5. The effectiveness of ball mill was utilized by conducting mechanocatalytic 
reactions of chitin. Solid-state/solvent-free conversion of chitin was achieved 
in a ball mill in the presence of base catalysts. Quantitative conversion into 
COS and LMWC products was achieved. The DD and MW of the products 
were simply tunable by varying the ball mill parameters or using additives. 
The developed method boasts remarkable advantages over traditional 
synthesis of COS and LMWC materials, with reduced base usage and capital 
costs, mitigated environmental problems and improved efficiency. 
The works in the thesis contribute to the establishment of chitin biorefinery 
and enrich the chemical list of chitin-derived chemicals, which prove the huge 
potential and feasibility of chitin biorefinery for a variety of valuable 
chemicals. In the thesis, up to four different chemical routes for valuable 
chemicals have been developed. A comparison of these transformation routes 




and COS/LMWC, in regard to the product values, energy cost, etc. From an 
overview, it is believed that the processes to generate HADP and COS/LMWC 
products may exhibit higher chance for potential applications than the other 
two routes. Chitin liquefaction into HADP is a very simple process using 
common reactors under moderate temperature and the product can be obtained 
by fractionation. Only a small amount of acid is employed with 
environmentally benign EG solvent. Besides, the HADP product can be easily 
hydrolyzed into glucosamine which is a high-value product in the market as 
dietary supplements. Meanwhile, chitin conversion into valuable COS and 
LMWC products is simple, versatile, solvent-free, low-cost and 
environmentally friendly. One may concern the energy consumption and the 
scalability of a milling reactor. Nevertheless, milling has been currently used 
in cement industry at million-ton scale. For a large-scale ball mill machine of 
112 m3 (Cemtec company), the motor uses 2580 kW of power. It can process 
more than 50 tons of chitin (one-third of the total volume) at a time, and 
assume this takes 2 h. The electricity cost will be $1032 ($0.2/kWh*2580 
kWh*2 h), which can be negligible since the product is much higher valued. 
On the other hand, the productions of 3A5AF and HAc/pyrrole currently 
suffer from many problems and these processes may not be economically 
feasible. Chitin pretreatment is necessary if 3A5AF is the target product, and 
the solvents (ILs or organic solvents) are not suitable for industrial use. In 
addition, pyrrole yield is too low at this stage and the value of HAc is not high 
enough to compensate the extra costs induced by the special requirement on 




From the beginning of the thesis, the purpose is to explore the new area of 
chitin biorefinery and to prove the concept and feasibility. It is difficult to 
conclude whether the chemical processes developed will be eventually 
commercialized, since it always has a long way to go from fundamental 
studies to industrializations. However, we hope the new findings as well as the 
identified problems in the thesis may provide some guidelines for future 
investigations. 
Table 8.1 Comparison among the four chemical routes developed in the 
thesis 
 3A5AFa HADP HAc/Pyrrole COS/LMWC 
Pretreatment Yes No No No 
Product values N.A. High Low High 
Reagent costs High Low Low Low 
Equipment High T & P Normal 








Benign Corrosive Benign 
aThe product value of 3A5AF is not available since it has not been 
commercially produced yet. 
 
8.2 Recommendations 
The thesis has established several new chemical routes and strategies for 
chitin biorefinery. Chitin biorefinery is an emerging field, and more research 
efforts are necessary to advance the field and expand the species of products 
that can be obtained from chitin. Meanwhile, based on the findings in the 
thesis, there are some recommended directions for future works to further 




For chitin dehydration into 3A5AF, future research attentions could be 
focused on the development of catalysts that can further improve the product 
yield and be recycled. Moreover, it is desirable to explore more efficient 
catalyst that can damage the crystalline regions of chitin and enhance the 
3A5AF yield starting from untreated chitin polymer and even shrimp shells. 
This will save the energy and cost from the pretreatment step. Another major 
issue is the use of expensive IL solvent or the toxic organic solvent. The 
studies on developing new alternative solvent systems can be undertaken, 
which may benefit the recycling and separation. For example, it will be much 
preferable if the reaction can be conducted in water by using a specific catalyst, 
and the in situ extraction by EtOAc strategy may be workable since the 
viscosity of water is not high. Moreover, the downstream process of 3A5AF 
deserves investigations since it is not a commercially available chemical, in 
order to prove the potential value of the product. For instant, the project to use 
3A5AF as the starting material for the synthesis of antibiotics could be a good 
topic.  
Hydrothermal process of chitin into HAc and pyrrole has many obstacles 
towards future applications. Although pyrrole was formed for the first time 
from chitin, the yield is very low. Further works are recommended for the 
improvement of the product yield. Detailed study on the formation pathway of 
pyrrole may point out possible directions for the catalyst design and system 
selection in further works. At this early stage, it is also recommended to start 
from the chitin monomer to produce pyrrole as a preliminary study. Besides, 
reaction optimizations to obtain both pyrrole and HAc with high yields are 




of HAc can be achieved from raw shrimp shell powders, concentrated base 
solution was used and could not be recycled. In future works, the use of 
corrosive, concentrated NaOH solution should be reduced, and other 
alternatives may be developed to replace it. In addition, the yield of HAc may 
still have space to be enhanced if new efficient catalysts are explored. If the 
yield can be increased to more than 50%, it will also simplify the separation.  
The chitin liquefaction led to noticeable yields of polyol amine/amide 
products, however, deactivation of the acid catalyst was observed with the 
exposure of –NH2 group and resulted in decreased yield. In the future, new 
reaction strategies may be envisaged to solve the problem. Moreover, the yield 
is currently around 20-30%. The enhancement of product yield is a future goal 
which is beneficial for further applications. In addition, the possibilities of 
using other similar solvent can be attempted such as propylene glycol, 
diethylene glycol, etc. Future works on the utilization of HADP are 
recommended to display the values of the product. For example, HADP can be 
used to synthesize amide type surfactant with long-carbon-chain acids. The 
properties of such new material can be then characterized. Amide type 
surfactant has advantages such as high biocompatibility, biodegradability, etc.   
Chitin pretreatment shows good performance to couple with chemical 
transformation of chitin in improving product yield or shorten reaction time. 
Nevertheless, the energy consumption and how to well couple them with 
chemical processes should be taken into accounts. The parameters for scale-up 
experiments might be desirable to conduct to offer data support in future 




different pretreatment methods (microwaves, supercritical water, etc.) can be 
attempted in the future.   
The solvent-free transformation of chitin and/or shrimp shell into COS and 
LMWC products are promising because it is simple, low-cost and green. More 
experiments are undertaking in order to get a further understanding of the 
reaction and to showcase the potential applications of the products. Solid-state 
NMR analysis is currently employed to observe the interaction between chitin 
monomer/chitin and the various bases used. It is expected to identify the 
position of carbon that strongly interacts with bases as well as the different 
behaviors between chitin and the bases. The COS and LMWC products may 
be directly used as the reaction intermediate or for material synthesis. For 
example, the mixtures can be employed to form NPs by the addition of sodium 
triphosphate. Such chitosan NPs can be used for protein loading and metal ion 
absorption in water treatment. In addition, solid bases are recommended to 
achieve this reaction which can be recycled. 
    Based on the findings in the thesis, there are two major directions 
recommended for future studies in the field of chitin biorefinery. The first one 
is to develop a low-cost and efficient fractionation method to obtain chitin 
from shrimp shell. The current method suffers from problems like the high 
costs, environment harmful, etc., leading to the limited production scale and 
high price of chitin. The high price of chitin in turn hinders the market. Instead 
of the current acid-base pee-off method, a mild and green method is more 
preferred to recover and utilize all the three major components in the shells. 
Such topic is important to the shell-based refinery and will open up the market 




can be large-scale seafood processing companies where thousand tons of 
shells are discarded annually. The second one is the downstream 
transformation of chitin into highly valued products. The target products 
should be carefully selected to realize high economic values. N-containing 
intermediates that can be further upgraded to pharmaceuticals, biomolecules, 
food supplements, etc. are recommended.  
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